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Abstract 
This Thesis contains the results obtained using correlated ab initio calculations for 
both the ground and excited states of a series of triatomic molecules, such as ozone 
(03) and the halogen oxides (X20, where X = F, Cl, Br and I), together with a subset 
of the pseudo halogens, including fluorine, chlorine, bromine and iodine azide, 
isocyanate and isothiocyanate. 
Chapter 1 presents as summary of the methods used to carry out these calculations, 
starting with the Schrodinger equation and the methods used to solve it, and 
proceeding to the discussion of differing methodologies such as SCF, multi-
configuration SCF and CASSCF, CI and MP2 methods. 
Chapter 2 describes some of the ground state properties calculated in this work, in 
quantum chemical terminology, as well as discussing some of the differences in 
values obtained by experimental and theoretical methods 
Chapters 3 and 4 are concerned with the studies on the ozone molecule, with the 
former covering the ground state and its properties, and the latter presenting the 
results for the excited states. Chapter 4 includes a comparison with the experimental 
UV and VLJV spectra in the 0 to 12eV region, and assignments are offered for the 
valence and Rydberg states found in this energy range. These results suggest that the 
number of states presently identified by spectroscopic means are well short of those 
that might be expected in the energy range. 
Chapter 5 describes the study of a subset of the pseudo halogens. These results are 
concerned solely with the ground state and molecular properties relating to the wave-
function as well as structural and ground state spectra such as infrared spectra; where 
possible these calculated results have been compared with experimental data. 
The final two Chapters 6 and 7, are devoted to the X20 molecules, where X = F, Cl, 
Br and I. Chapter 6 discusses the ground state properties of the molecules and 
compares with experiment where such data is known, and predicts the structure and 
properties of 120. The final Chapter covers the excited states of the X20 molecules, 
where just the cases where X = F, Cl and Br are examined. Theoretical UV+VUV 
spectra produced for each molecule and C1 20 has been compared with the 
experimental data. 
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Chapter 1 Methods 
Chapter 1: The methods used in the present computational chemistry 
studies. 
1.1 The Schrödinger Equation 
The basis for most quantum mechanical studies is the SchrOdinger Equation, 
proposed in 1926 [15]•  The equation relates the energy and wavefunction for the 
system under investigation. Its solution gives the total wavefunction, and this in turn 
makes it possible to obtain all the properties of the system. There are various forms 
of the SchrOdinger equation, but the one that concerns this study is the time 




H is the Hamiltonian operator for the system, y' is the wavefunction of the system 
and E is the total energy of the system. 
The Hamiltonian (H) contains both kinetic energy (K.E.) and potential energy (P.E.) 
terms (Eqn. 1.2), and can be separated into terms involving the nuclear K.E. and 
terms involving only the electronic K.E. separately (Eqn. 1.3). Here K.E.e is the 
kinetic energy of each electron, K.E-N  is the kinetic energy of each nucleus, (E— N) 
is the electron to nucleus attraction, (N— N) is the nucleus to nucleus repulsion and 
(E— E)) is the electron to electron repulsion (Eqn. 1.4). 
H=K.E. ±P.E. 	 (1.2) 
K.E. - K.E. e  + K.E.N 	 (1.3) 
P.E. = (E— N)+ (N— N)+ (E— E) 	 (1.4) 
The Hamiltonian can take on various forms depending on the type of system under 
investigation. For example, in a one dimensional (x) system it takes the form shown 
1 
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in Eqn. 1.5, where ii, is the wavefunction of the system, V(x) is the potential energy 
when at x, and h = h/2,r, m is the mass of the electron, and E is the total energy of 





The problem with the SchrOdinger equation is that it is impossible to solve exactly 
for polyatomic molecules, and exact solutions to it are limited to simple one electron 
systems, such as the H atom, Li 4 , H2 etc. This is due to all the electron-electron 
interactions, which make it impossible to find an analytical solution. Therefore, to 
approximate the solution as closely as possible, certain methods such as self 
consistent field (SCF) theory or perturbation theory are used, these break the problem 
down into a number of one electron SchrOdinger equations, which can be solved. 
These are discussed in the next Section. 
1.2 The Born-Oppenheimer Approximation 
The Born-Oppenheimer approximation [6]  separates the motion of the nuclei from 
that of the electrons. The reasoning behind this is that the nuclei are far heavier than 
the electrons, therefore it can be said that the electrons move far more quickly than 
the nuclei. This is because the proton to electron mass ratio is about 1850 to 1. 
By using this approximation, it is possible to write the Schrodinger equation in the 
following form: 
(1.6) 
Here H is the rigid nucleus Hamiltonian operator for the system, this operator 
determines the energy of the system, where these parts have the same definitions as 
in equations (1.3) and (1.4). 
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The practical effect of this approximation is that fixed locations of the nuclei can be 
chosen and the wavefunction for this position can be calculated. Then another 
location for the nuclei is chosen and the wavefunction of this new position is 
determined. Hence it is possible to calculate the energy of the molecule for all 
possible positions of the nuclei. This allows a potential energy surface to be created 
via a plot of the calculated energies against the relative positions of the nuclei. The 
Born-Oppenheimer approximation is by no means ideal; problems that are associated 
with it are concerned with systems where a mixing of states occurs due to the 
electrons in the system not following the motion of the nuclei perfectly. These 
matters lie outside the scope of the present study. 
1.3 The Variation Theorem 
The variation principle [6  states that: 'the change in energy for an arbitrary variation 
of the true ground state wavefunction is always positive (so long as the Hamiltonian 
is exact).' This means that any energy calculated using the variation theorem will be 
larger than the true energy of the system. That is, the variational minimum energy is 




Figure 1.1 Pictorial representation of Variation Theorem as an upper bound of the true 
energy. 
3 
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1.4 Quantum Numbers 
Quantum numbers are integers [6-8]  that label the electronic state and wavefunction, 
of a system and determine the value of a physical observable of the system in that 
state. 
The principal quantum number n, is the only quantum number for a one-electron 
system in the absence of any perturbing external influences, upon which the energy 
depends. The energy for a hydrogenic system is given by: 
- 2,r2 u 2 Z 2 e4 
n 2  h 2 
(1.8) 
Where n can take the value of any positive integer, Z is the atomic number and u is 
the same as p where p is defined as the reduced mass, which is defined as: 
m *M 
m + M 
	 (1.9) 
Where M is the mass of one component of the system under investigation and in is 
the mass of the other component of the system. 
The next quantum number is the orbital angular momentum quantum number (1), is 
related to the angular momentum of the electron as it moves around the nucleus. The 
angular momentum is defined as: 
(h / 2r).J1(1 + 1) 
	
(1.10) 
In a one electron system, in the absence of a magnetic field, this offers no 
contribution to the energy of the system. However, electric charges moving in a 
manner such that there is a net angular momentum associated with them, produce a 
magnetic moment. Therefore, in the presence of an external magnetic field, the 
interaction of these orbital magnetic moments with the magnetic field will affect the 
energy. The presence of other electrons, each with their own magnetic moment, will 
also affect the energy through mutual interactions. The allowed values of 1 run from 
zero to (N-i). 
4 
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The magnetic quantum number (ml), refers to the orientation of the orbital angular 
momentum toward some external co-ordinate system. If this co-ordinate system is 
referred to an external magnetic field, then differing orientations of the orbital 
angular momentum give rise to different energies. Therefore, when atoms are 
brought closer together in molecules, perturbing fields provided by neighbouring 
atoms split the energies of orbitals of different ml values. 
Finally, the spin quantum number (m3) was introduced to help explain some of the 
properties of the spectra of the alkali metals, and certain properties of other atoms in 
a magnetic field. It was necessary to assume that the electron itself had an intrinsic 
angular momentum, giving rise to a magnetic moment. The magnitude of this spin 
angular momentum is: 
(h / 21r)jS(S +1) 
	
(1.11) 
where S is an integer. Since only the orientation with respect to an external field 
could be observed, the component (m5) of this momentum along an axis was chosen 
as the quantum number, rather than S itself; m3 can only have values of± 1,t 
1.5 Electron Spin and the Pauli Exclusion Principle 
To completely describe an electron in a system it is necessary to introduce the 
concept of electron spin [6  This is achieved by the introduction of two spin 
functions a(w) and /3(w) which correspond to spin up (a) and spin down ((3) 
respectively. These two functions are orthonormal, such that: 
fa'(w)a(w)dw = J if (w)fl(w)dw = 1 	 (1.12) 
and: 
Ja*(w)fl(w)dw = I /3(w)a(w)dw = 0 	 (1.13) 
Here a and 
/3 
are complex conjugates of a and 0. 
5 
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The Pauli Exclusion Principle [6-81  states that a many electron wavefunction must be 
antisymmetric (changes sign) with respect to the interchange of coordinates of any 
two electrons. A wavefunction of the form of Eqn. 1.14 fulfils this type of 
requirement, where 	is a normalisation factor. 
Correctly antisymmetnsed wavefunctions are obtained using Slater determinants 
[9][1O] 
It is possible to rewrite a two-electron antisymmetric wavefunction such as this, in 
the form of a 2 x 2 determinant as in Eqn. 1.15. When Eqn. 1.14 is generalised to 
contain more electrons and more functions, it is simpler to express this in the form of 




- 	 (1.14) 
1 q(x1) 0i (XI) 
 
= 7T1(x2 ) 	(x2 ) J 
The general form of a Slater determinant for an N electron system is Eqn. 1.16: 
IØ1 (xi ) qi, (xi) ... 0k (x )I 
1 q$1(x1) 0J (x2) ... c$k(x2 
I 	 (1.16) 
i0(x) Oi (x) ... 0k(x fl 
In Eqn 1. 16, 	is a normalisation factor, and NI is factorial N, ie 1*2*...  N. 
For the ground state of He atom, the Slater determinant has the following form: 
TH. - 1 
Iq(i) 	(i)I 
Ø(2) (2) 
where 0 indicates a spin and 0 indicates /9 spin. 
(1.17) 
Ri 
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Slater determinants are advantageous representations of the wavefunction for two 
reasons: 
Interchange of any two rows or columns inverts the sign, but has no effect on the 
magnitude of the wavefunction. 
If any two rows or columns are identical, then the determinant vanishes and the 
Pauli Exclusion Principle is satisfied. 
1.6 Basis Sets 
In the molecular orbital theory of atoms and molecules [11-13],  a particular atom is 
described in terms of electrons in orbitals which are distributed in the three 
dimensional space surrounding the atom. Each atomic or molecular orbital contains a 
maximum of two electrons, and the total number of electrons are held in a set of 
atomic (or molecular) orbitals. A basis set, is a set of either Slater type orbitals or 
gaussian type orbitals, for a particular atom, that describe the orbitals (Øa)  on that 
atom: 
øa 	Cja%j 	 (1.18) 
where Ca  is a coefficient for the basis function (,) in MO(a) and Z.  is a set of 
atomic orbitals. 
1.7 Hydrogenic Orbitals 
Hydrogenic orbitals have the general form: 
yi, 	Rw(r)yb. 	 (1.19) 
where RI(r) is a radial function and Yjm is a spherical harmonic. The radial part has 
the general form: 
n-I-I 
R(r)=rle_?u 	 (1.20) 
j=O 
Here a is of the form: 
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(1.21) 
If the reduced mass of the H atom is replaced by the electron mass then a becomes: 
h 2 
a0 	 (1.22) 
Pee 
This form of a is known as the Bohr radius (ao) and has a value of 0.529177A; 





where e is the proton charge in coulombs. 
For the ground state of a hydrogen-like atom, where n=1, 1=0 and m=0, the radial 
factor is: 
R10 (r)= b0e" 	 (1.24) 
b0 is a constant and is determined by normalisation: 
00 
e-2Zrla 
	= 1 (1.25) 
This then gives the radial part in the form: 
R10(r)= 2() enb0 	 (1.26) 
If this is then multiplied by Yoo the ground state wavefunction becomes: 
ti =_1_(-J e" 	 (1.27) 100 
The energy of this state is given by: 
E=_Zpe 	 (1.28) 
2n 2h2 
Where E equals approximately 13.61 eV. 
8 
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An interesting feature of the ground state wavefunction is that for points on the x-
axis, where y and z equal zero, the co-ordinate r, where ?=x2-i-y2+z2, is equal to: 
(x 2 )=Ixl 	 (1.29) 
Thus: 
 
1 (—Z)Y2e_zI"I1'(ioo(x00)=_ (1.30)y  
Graphically this is shown in Figure 1.2, which shows that hydrogen-like orbitals 
have a cusp. 
x 
Figure 1.2 Cusp of the Hydrogen atom ground state wavefunction 
For n=2 there are four possible forms of the wavefunction; they are: w2 1211 ,w210 
and '211  The V200 form is denoted as w23 and the other three forms are denoted 
collectively as the w2,, orbitals. These have a different radial function to w15 with 










ren/2a 	 (1.32) 
When these radial functions are multiplied by the appropriate spherical harmonic, the 
following equations are obtained: 
ze 
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1 	Z 2 	Zr -Zr/2a 	 (1.33) 
 
2s 7 e 
,r/2 (T2a)J 1  
1 
= 	
re_zn/2a sin' 	 (1.34) 
8,r/'2  Ia) 
1 Z = 	 re 2° cos8 	 (1.35) 
,z ./2 ( 2a) 
A 1 
W2p 1  = 	1/ 
(a) 
z 
- re 2" 	 (1.36) 
8,r/"2  
The factor of e"' in the 2p,  and W2p.  wavefunctions makes the spherical 
harmonic terms imaginary, apart from when m=O. To overcome this, it necessary to 
take linear combinations of the complex functions to obtain a real function. This is 
acceptable, since any linear combination of eigenfunctions of a degenerate energy 
level, is an eigenfunction of the Hamiltonian with the same eigenvalue. As the 
energy of the H atom is not dependent upon m (1.27) then the 2p,  and '2p,  states 
belong to a degenerate energy level. Therefore any linear combination of these 
wavefunctions is itself an eigenfunction of the Hamiltonian, with the same energy 
eigenvalue. 
To obtain the real 2p  wavefunction, it is possible to combine the 	and 2p,  as 
follows: 
W2p 	I ( ' 2p + W2) 	 (1.37) 




(-') r sinG sin -Zn 2a 	 (1.38) 
a) 
where the two wavefunctions have been combined, and using e'° = cos q ±1 sin 0. 
The --- is a normalisation factor. 
[.] 
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Similarly, for the 2p,, wavefunction, the w2 and  w2,,, are combined as follows: 
W2p, 	i.JL(2 	iV2 P ,) 	 (1.39) 
This expands to: 
1 _ 
2p, - 	 r sin 8 sin q,e'2" 	 ( 1.40) (a) 
The 2p0 function is real so: 
1 	Z Y2 _Zrl2a 
W2p = ;r 
(2a) 
(1.41) 
where Z is the number of protons in the nucleus and z is the z co-ordinate of the 
electron. 
The next problem, is that of the probability of finding the electron in the region 
where the r coordinate is between r and r+dr, the 9 coordinate is between Gand 
9+dO, and the çp coordinate is between .p and ço-t-dq. This is found using the 
following equation: 
I,I 2  di- = [R. (r)12 JY,,, (9 	2  r2 sin £kird&lço 	 (1.42) 
Now what is the probability of finding the electron with its r coordinate between r 
and r+dr with Oand rpallowed to be unrestricted? To find this, the probabilities for 
all the values of Oand ip, where r is fixed, must be summed; this amounts to 
integrating (1.42) over Oand p. Therefore the probability of finding the electron 
between r and r±dr is: 
2,2,r 
[Rni(r)}2r2drJ f l 	0)2  sinW 	= [R,,,(r)]2 r2dr 	 (1.43) 
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Due to the normalisation of the spherical harmonics: 
2,r2,r 
I II1"m(9,p sin WWv = 1 	 (1.44) 
This function [R,il (r)f r2 is called the radial distribution function and it determines 
the probability of finding the electron at distance r from the nucleus. Figure 1.3 
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aIR()J2 	
: r 
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Figure 1.3 Pictorial representations of some radial distributions functions. 
1.8 Slater Type Orbitals 
Slater type orbitals (STO's) [14]  are analytical functions that have been fitted to the 
numerical SCF solutions. Each Slater type orbital has the form shown in Eqn. 1.45 
where Y is a spherical harmonic, ç is the orbital exponent, zeta. It is this latter part 
that leads to the expression "double zeta" (DZ) in basis sets, when there are two 
terms of this type. n, 1, m are the quantum numbers, while N is the normalisation 
constant. The problem with STO's is that they have no radial nodes and are therefore 
12 
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not mutually orthogonal for a particular },,. Thus is and 2s are not orthogonal; 
similarly 2p and 3p are not, etc. 
%ni.m (r,O,qi)= 	(9,Ø)r'
1
e 	 (1.45) 
The use of Slater type orbitals in calculations is limited, due to their being more 
complex to evaluate than gaussian type orbitals, and nowadays due to the increased 
computing power available it is possible to get the same levels of accuracy by using 
gaussian type orbitals. Indeed, most computer programs do a Slater to gaussian 
transformation as a first stage. This leads to expressions like STO-3G, where the 
given exponent of the STO is replaced by three gaussian orbitals which have the best 
radial correlation with the STO. Large tables of such correlations are available in the 
literature. 
1.9 Gaussian Type Orbitals 
Integrals which involve gaussian type orbitals (GTO's) [15]  are far less time 
consuming to evaluate than Slater type orbitals. GTO's take the form shown in Eqn. 
1.46, where a  is the radial exponent of the basis function; all the other symbols have 
the same definitions as above. 
Xn,1,m (,,e,ø) Nnr1Yim (8,1>_02 	 (1.46) 
The major advantage of GTO's over STO's is that the product of two gaussians based 
at different centres is itself another gaussian based on a point between the two 
gaussians [16]  This is shown in Figure 1.4, and means that a problem that is defined 
using the product of several gaussians can be simplified to fewer gaussians which are 
quicker to evaluate on computers than STO's. Furthermore, rij', the electron(1)— 
electron(2) distance term can also be described by a gaussian [16] 
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Figure 1.4 Two gaussians with their product as another gaussian in the centre 
The problem with gaussian type orbitals is that they do not describe atomic orbitals 
well near the nucleus; this is due to their not having a cusp (Figure 1.5). Thus for a 
real orbital, ço, 	= , whereas for a gaussian orbital 	=0. By use of a set 
ôrj0 ar 
of GTO's with very large exponents, the height of q.' near the origin can be raised to 
mimic the STO more closely. It is therefore necessary to use more gaussian type 
orbitals than Slater type orbitals for the same level of accuracy. This is less of a 






Figure 1.5 Pictorial representation of Slater Type and Gaussian Type Orbitals 
To simplify the number of independent integrals to be evaluated, it is possible to use 
a set of contracted GTO's [16],  these are linear combinations of single (primitive) 
GTO's. This gives the following expression (Eqn. 1.47) for orbital (g), where there 
14 
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are a set of j functions. This is often summarised by expressions such as <5s/3s>, 
which denotes that 5 primitive gaussian functions have been contracted into 3 
contracted functions. 
(1.47) 
ki  is a contraction coefficient and X. is each primitive GTO. 
There are many different libraries of basis sets; in this investigation the basis set that 
was used most frequently, was 'Triple Zeta Valence [17.19]  with Polarisation' 
functions (TZVP) [20]  This basis set is a large one and generally gives a high degree 
of accuracy for bond lengths and angles, and molecular properties, such as dipole 
moments. There are 6d-type functions in gaussian orbitals, since the three directions 
x,y,z are used symmetrically, leading to x 2,y2,z2, xy,xz,yz types. The linear 
combination of terms (x 2 + y2 + z2) is equivalent to the d-orbital r 2 , which has the 
same symmetry as an s-orbital, so there is an implicit s-orbital present in the d-set. 
For the excited state studies, the TZVP basis set is inadequate, so it was augmented 
by both extra diffuse s, p and d type functions, and also very diffuse functions to 
represent Rydberg orbitals. These are discussed in the appropriate Chapters. 
TZVP means that the basis set has three functions describing each of the valence 
orbitals on the atom; the polarisation term shows that there are functions with the 
next higher spherical harmonic added to the atom. Thus for the H-atom, the <5slp> 
primitive functions are contracted to [3slp], for the oxygen atom, with a set of 
ls2s2p-atomic orbitals, the polarisation functions are of d-type. Thus the TZVP for 
first row atoms is <lOs6pld/5s3pld>. For the higher atoms, such as Cl the basis is 
<12s9pldl6s5pld>. 
1.10. The Hartree-Fock Approximation 
The solution of the ScbrOdinger equation can be greatly simplified if the particles in 
a many-body system are considered as being independent, i.e. their energies are not 
dependent upon the position of the other interacting bodies. The most common 
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independent electron model used in quantum chemistry is the Hartree-Fock 
approximation [21-24]  Figure 1.6 shows the layout of the system under investigation. 
For the Hartree-Fock method the Hamiltonian is separated into two parts, namely a 
one-electron part (H 1 ) and a two electron part (H2). H and H2 are defined as in Eqns. 
1.48 and 1.49. 
0. 
Figure 1.6 System under investigation 







Equation (1.48) shows that the Hamiltonian for each electron is in a field of all the 
other nuclei but is independent of the other electrons. The overall hamiltonian H is 
defined as: 
H=(H1 -i-H2 ) 	 ( 1.50) 
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If y' is normalised, then this simplifies to Eqn. 1.52. 
E=(yiHyi) 	 (1.52) 
To evaluate this, it is necessary to describe i ii' in the terms of Slater determinants: 
E = (l.'1 (1)..V,  (NH frp, (i. fp (N) 	 (1.53) 
1.10.1. The helium 3S excited state 
To explain this in more detail, and show how the various one and two electron 
integrals arise, the 3S state of He will be treated in some detail. The orbital 




Figure 1.7 He 3S state 
For the 3 S state of He there are two possible arrangements of the electrons and spin 
(Eqns 1.54.and 1.55) which leads to the wavefunction for the ls2s state, V,,2,, I in the 
form of a Slater determinant as in Eqn 1.56. 
1s(12s(2)a 	 (1.54) 
142>.z2s(1)a 	 (1.55) 
i Is(l) 2s(1)l 
= 	I 1s(2) 2s(2) (1.56) 
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This Slater determinant obeys the Pauli exclusion principle. If the spatial parts within 
the spin-orbitals are considered identical for paired electrons, then the method is 
called the Restricted Hartree-Fock (RHF) method. 
The energy expression for this wavefunction is shown in Eqn 1.57, from which the 
energy can then be rewritten as Eqn. 1.59, where 1 and 2 refer to electrons 1 and 2. 
With this change of subdivision of the terms for the Hamiltonian (H) for this system 
(Eqn. 1.58), the subscripts in H1 and I'2 refer to electron 1 and electron 2 
respectively, and hence are different definitions from those for one electron 
Hamiltonians of (1.48) and (1.49). Because of the equivalence of the electrons 1 and 
2, there are two operators of identical type (H1 and H2) in Eqn. 1.58, while the third 




2= ! 	- 	 - 1s2281) 	
(1.57) 
I 
a 	 b 
H=H1+H2+L 	 (1.58) 
E=E1 +E2 +E12 	 (1.59) 
1. Symmetrical Terms 
Terms a and b, with both H1 and H2 parts in 1.57, can be rewritten as in 1.60; 
because H 1 only operates on electron 1, terms involving electron 2 can be separated, 
leading to Equation 1.61; thus the two integrals can be evaluated separately since 
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- (2s(22s(2))(1s( 1)lHi 11s(1)) 
	
(1.61) 
H1= < Ils(2) I H1 I ls(2)1 > = < Ils(1) I H Ils(1)I > 	 (1.62) 
In the same way, ''2s  is defined as in Eqn 1.63, and arises from a and b with H2. 
These lead to the total contribution H13 + H23 (Eqn. 1.64) from a and b with H1 and 
H2 
H2 = < 2s(2) I H 12s(2)I> 	 (1.63) 
--(H 13 +H23 ) 	 (1.64) 
Unsymmetrical Terms 
Part c (1.65) can be rewritten as 1.66, and this is identically zero provided that the 2s 
and is orbitals are chosen to be orthogonal. 
- - (I1s(2)2s(1H I1s(1 )2s(2 ) 	 (1.65) 
- !. (ls(2)2s(2))(2s(1)H, 15(1)) 	 (1.66) 
Symmetrical 	Terms 
These occur in both a and b. They are called Coulomb integrals, J13132323 . The 
Coulomb integral can be thought of as the coulombic potential of an electron with a 
density distribution, I V/ 2 acting upon another electron. There is a set ordering 
notation for these integrals called the Charge Cloud Notation. In this notation J1122 = 
J2211 ;'~ J1212. 
! (ls(1)2s(2)_!_1s(1)2s(2)'  
2 	'12 	 I 
(1.67) 
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4. Unsymmetrical 	Terms 
'12 
These occur twice in part c. These are called exchange integrals, K13251323, they have 
the same indexing order as the Coulomb integrals. The exchange operator has no 
classical analogue. 
- (ls(2ps(l) !_ Is(1)2s(2)) 
2\ 
(1.68) 
From these the total energy, E, can be written as Eqn. 1.69, where the duplicate 
labels have been dropped from the J and K terms. 
E = H13 + H23 + JIs2s - K1523 	 (1.69) 
The total energy for the He ls2s state can then be written as Eqn. 1.70. 
E = 	+ E23 + 	- K 1323 	 (1.70) 
The Hartree-Fock equations can be solved numerically for atoms and diatomic 
molecules. However for larger molecules it is necessary to convert the Hartree-Fock 
equations into a set of algebraic equations which can then be solved. This usually 
takes the form of expanding the molecular orbitals in a linear combination of a 




where 01 is referred to as a set of atomic orbitals and c,4 is a set of molecular orbital 
coefficients. This is generally referred to as the Linear Combination of Atomic 
Orbitals (LCAO) method. 
1. 10.2 The Restricted Hartree-Fock Method 
Most molecules, with an even number of electrons and near their equilibrium 
geometry, can be well described by use of a closed shell ground state. The following 
Section refers to closed shell molecules. 
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In the Restricted Hartree-Fock method (RHF) due to Roothaan [47]  the energy of the 
system under investigation is minimised by variation of the molecular orbital 
coefficients; this is valid as long as the orbitals remain orthogonal j25]•  This leads to 
the Hartree-Fock Roothaan" Equations which can be written in matrix form as 
shown in Eqn. 1.72, where the two matrices F and S are in the atomic orbital basis, 
J , F is the Fock matrix, S is the overlap matrix, C is a matrix of the expansion 
coefficients CpV  and S is a diagonal matrix of the orbital energies s, as in 1.73 and 
1.74. 
FC=SCs 	 (1.72) 
= Jq(1)f(1)Ø(1)dr, 	 (1.73) 
= Jq$;(1)q(1)di 	 (1.74) 
in 1,, f is a one electron Fock operator. In the closed shell case, where the spin 
functions of the orbitals have been integrated out, f takes the form shown in Eqn. 
1.75. 
This system of equations is then solved iteratively until self-consistency has been 
achieved, the SCF method. 
ffrj=h(rj )+ 2J. (1)K. (1) 
	
(1.75) 
Although good first order approximations to the true wavefunction, SCF calculations 
do not take account of the effect of electron correlation, which means that the results 
obtained via them can have a significant error. This arises from the use of the 
average field of the electrons; so there is no 'instantaneous' electron correlation. To 
overcome this problem it is necessary to introduce electron correlation, and this is 
discussed in the following Sections. A summary of the methods is given first. 
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1.11 Electron Correlation 
Electrons do not behave independently, as was assumed earlier. Each electron is in 
fact correlated to the motion of all the other electrons in the system. The Correlation 
Energy (CE) of a system is defined [26]  as the difference between the exact 
eigenvalue of the non-relativistic Hamiltonian and its expectation value in the 
Hartree-Fock approximation for the state under consideration, within the Born-
Oppenheimer approximation. The importance of electron correlation is clear when 
small molecules such as F2 are unbound by about l30kJmol' at the SCF level [48] 
fact estimates of the correlation energy lost within each electron pair is 1eV per 
pair149 . Many methods of adding in some form of electron correlation have been 
developed. The principal methods are a series of multi-configuration SCF methods 
(MCSCF), including the CASSCF method below, and configuration interaction. 
1.11.1 Complete Active Space Self Consistent Field (CASSCF). 
One example where electron correlation is introduced, is the Complete Active Space 
SCF (CASSCF) 2729 . The amount of energy recovered by a CASSCF calculation is 
given by the difference between the CASSCF energy and the RHF-SCF energy. 3032 ' 
In the CASSCF method all the possible permutations of the active set of electrons are 
allowed between all of the active orbitals, so there is no distinction made between the 
originally occupied orbitals and the virtual molecular orbitals (VMO's). Only the spin 
and state symmetry must be observed. 
The CASSCF multi-configuration wavefunction, T c,4s , is made up of linear 
combinations of R}{F-SCF type determinants, and has the form shown in Eqn. 1.76. 
Here cJ  is constructed from a set of orthonormal orbitals and C1 is a configuration 
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The method is 'Complete' in the sense that all possible permutations of the available 
electrons are included in the set of chosen orbitals (the Active MO's). Hence very 
highly excited states are included, and this reduces the scope for the method, since 
the maximum number of configurations for practicable use in the appropriate 
programme, can be exceeded by configurations which will have little real influence 
on the wavefunction. The principle problem with CASSCF calculations is that the 
number of determinants rises rapidly with the number of active MO's. However, an 
attractive feature, is that after the set of orbitals and electrons is chosen, there are no 
further arbitrary choices, since all configurations are generated. 
As an example of the method, we consider the ozone CAS SCF-i calculation for 
ozone used later. The three core (oxygen is orbitals) were frozen (termed FZC) 
leaving 9 doubly occupied orbitals (termed DOC) and one unoccupied orbital at the 
SCF level, from the virtual orbital set (VMO). The ozone occupied valence SCF 
molecular orbitals are 3a1 22b224a1 25a1 23b22 1b 1 20226a 1 2 1a22 and the active space of 
the molecule is completed by the LIJMO (2b 1 0). The SCF orbital occupancy can be 
represented by the configuration 2222222220. The CASSCF procedure introduces all 
possible interchanges of 0 and 2, so these additional configurations are doubly 
excited configurations relative to the SCF ground state. Because the MOs are all 
doubly occupied, the symmetry of the overall wavefunction ( 1A1 ) is retained as 
required. If the orbital ordering above is retained, it is also possible to have 
configurations of the type 2222212221 where the singly occupied MOs are lb, and 
2b1 . The product of the open shell MO symmetries (lb1 1 x 2b 1 1 ) is 1A1 as required. 
Thus only states of same symmetry can participate. 
The ground state wavefunction from the CASSCF-1 calculation on ozone is made up 
of twenty possible configurations; with very variable contributions. The ground state 
wavefunction has leading terms as shown in Eqn. 1.77. This and other cases are 
described in more detail in following Chapters, here it will suffice to note that the qDn  
are orthogonal, and hence that the squares of the terms represent the density, from 
which the SCF configuration represents 83.79% and the HOMO ° +LUM02 
configuration Pio  is 15.68%. None of the other configurations contributed more than 
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0.0 1% of the wavefunction, and in this example, only doubly excited configurations 
are important. The full details are given later. 
ku 	=-0.91540 1 +03960010 +0.06430 3 +0.0234011 +0.0136D 4 +0.0162 5 	(177) 
1.12 Configuration Interaction (Cl) Methods 
The most widely used method for obtaining the correlation energy is Configuration 
Interaction (CI). In principle CI can provide an exact solution to the many electron 
problem. In practice though, it is possible to handle only a finite set of N-electron 
trial functions, and the CI is limited to Single and Double replacements in a 
'reference set' of configurations, which is abbreviated to the CISD procedure. The CI 
wavefunction has the form in Eqn. 1.78. All the (J)1  are Slater determinants, or spin 
and symmetry adapted Slater determinants (Configuration State Functions, CSF's) 
and the C1 are coefficients to be determined. The wavefunction is made up of all the 
possible excitations from the ground state wavefunction, provided the symmetry of 
the state is maintained 33 ' 341 . 
C, (1), 	 (1.78) 
The above equation can be expanded as in Eqn. 1.79. The orbitals a and b are in the 
SCF occupied set, while r and s are from the virtual set. The second term has orbital 
a is replaced by orbital r (a single replacement), and in the third term, orbitals a and 
b are simultaneously replaced by orbitals r and s (a double replacement), all the other 
MO's being the same as in the ground state SCF wavefunction, 00 . The restrictions 
of the summation indices, (a<b, r<s), are included to ensure that any given excited 
determinant is only included once in the sum. The first term in the above equation is 
the SCF wavefunction, the second is the contribution from single excitations of the 
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The Cl energy, E = (tp HI tp) is variationally optimised with respect to the ci 
coefficients 35 ' 361 . These coefficients are determined as the eigenvectors of the linear 
eigenvalue equation: 
Ec1 	 (1.80) 
By using equation (1.79) it is possible to find the corresponding energies by using the 
linear variational method, this means that a matrix must be formed that represents the 
Hamiltonian in the basis of the N-electron functions of the above expansion and then 
calculating the eigenvalues of this matrix. This matrix is the full Cl matrix, and the 
method is called full-Cl. The lowest eigenvalue of this matrix will be an upper bound 
to the ground state energy of the system, the upper eigenvalues are upper bounds to 
the excited states of the system. The difference between the lowest eigenvalue and 
the Hartree-Fock energy obtained within the same one electron basis is referred to as 
the basis set correlation energy. As the one-electron basis becomes infinite the basis 
set correlation energy approaches the exact correlation energy of the system under 
investigation. 
1.12.1 Multi-reference-Cl Methods 
Frequently the Cl is limited to all single and double replacements and it is then 
represented by the acronym CISD (Cl singles and doubles). However, it is important 
to improve upon a single CISD calculation, by including a set of configurations 
which are found to be important in an initial CISD, and then to do all single and 
double excitations from this new References Set of Configurations. In practice this 
generates most of the full Cl energy for small molecules, for example 94% in 
ammonia and watert 37 . 
In the MIRD-CI module, used extensively in the present work, all CISD calculations 
are performed using an input set of reference configurations. These reference 
configurations (which may number in excess of 100) are themselves also made up 
25 
Chapter 1 Methods 
from the SCF and single, double and triple excitations from the SCF. The MRD-CI 
module then generates configurations with up to 8-open shells from these reference 
configurations 38411 . 
There are some important observations about Cl to be explained, the first is that 
single excitations do not couple with the ground state wavefunction, this is due to 
Bnlloum's Theorem 421 , which states that all matrix elements of the form 
('p IHI 'v) are zero. With limited basis sets Bnllouin's Theorem is not exactly 
obeyed, but with a good basis set, it means that the contribution of single excitations 
to the ground state energy are very small. The effect is not zero because the single 
excitations can interact with double excitations, which in turn contribute to the 
ground state. Single excitations are however important when it comes to calculating 
one-electron properties, such as the dipole moment and they can also be important in 
excited state calculations where some states are well represented by one single 
excitation configuration. 
The second observation is that there is no coupling between the ground state and 
triple or quadruple excitations. This is due to the fact that all matrix elements of the 
Hamiltonian between Slater determinants which differ by more than two spin orbitals 
are zero135'361 . What these two observations show is that only single and double 
excitations can interact directly with a reference function. Again this is not strictly 
obeyed for the same reasons as Brillouin's Theorem, with finite basis sets. Thus, 
starting with a set of configurations (CSF's) with 2 and 4 open shells, the MRD-CI 
method expands the included configurations up to 8 open shells. 
In the present work, the Davidson correction is incorporated, in the form ED = (1-
CO2)Ec where Ec is the correlation energy determined from the CISD, ED is the 
Davidson correction, and Co 2 is summed over all the reference configurations 1431 . 
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1.13 Perturbation Theory 
Perturbation theory [45,46]  takes a simpler, solvable system that closely resembles the 
insoluble system, and perturbs this simpler system in the direction of the true system. 
This then gives a better approximation for the SchrOdinger equation. To get the 
correct perturbation, it is necessary to mix in different components from the simpler 
system, i.e. other wavefunctions or orbitals, in the right amounts. 
Perturbation theory gives us the method by which to achieve this mix. Perturbation 
theory also shows how to calculate the further terms that need to be added to the 
energy of the simpler system, to give the energy of the true system. 
If there is a system of the following form: 
= E ° v ° 	 (1.81) 
Where the full Hamiltonian (H) of the system can be expressed as: 
H = H ° +Ajj 1 	 (1.82) 
Here H 1 is a perturbation, and 2 is a parameter that has a value between 0 and 1. 
As this parameter is increased then a perturbation is introduced into both the energy 
and the wavefunction of the system. This can then be inserted into the wavefunction, 
which gives us: 
Vlk = 
	+ 	+ 	 ( 1.83) 
There is a similar expression for the energy part: 
= E ° + AE + 22E 2 	 (1.84) 
The two above equations are power series expansions. In the expression for Ek, 
E' is the correction to the energy for the I" term. 
If these expressions are substituted into the first equation we get: 
( ivk 	(1.85) 
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Then by identifying terms that contain A' it is possible to construct an expression for 
(H' - E ° i4° = —(H(0)-  E ° u' k 	 k (1.86) 
To determine the first order energy correction, it is necessary to multiply the left side 
of the above expression by (0) and integrate the equation obtained. Then by further 
manipulation it is possible to find expressions for higher order energy and perturbed 
wavefunction corrections. Perturbation methods are size consistent and extensive, 
although non-variational, i.e. the property of an upper limit to the energy does not 
apply. 
There are different forms of perturbation, two of which are Moller-Plesset and 
Rayleigh-SchrOdinger time independent perturbation theory. 
1.13.1 Moller-Plesset Perturbation Theory 
Moller-Plesset perturbation theory [45]  involves taking the unperturbed Hamiltonian 
as a sum over Fock operators. These count the (average) electron-electron repulsion 
twice, and the perturbation becomes the exact Vee -2 (Jç) operator. 
This choice is not consistent with the basic assumption that the perturbation should 
be small compared to H0, but it does fulfil the other requirement that solutions to the 
unperturbed Schrodinger equation should be known. It is also the only solution that 
leads to a size extensive method, that is the property is proportional to the size of the 
problem, which allows systems of differing size to be reliably compared. 
For Moller-Plesset perturbation theory the zero-order wavefunction is the Hartree-
Fock determinant and the zero-order energy is just the sum of the MO energies. The 
first-order energy correction is the average of the perturbation operator over the zero-
order wavefunction. This yields a correction for the overcounting of the electron- 
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electron repulsion at zero-order. Using the notation E(MPn) to indicate the correction 
at order n and MPn to indicate the total energy up to order n then: 
MPO=E(APO)=>e1 	 (1.87) 
and: 
MP1 = MPO + E(MP1) = E(HF) 	 (1.88) 
This shows that electron correlation does not start until second-order Moller-Plesset 
perturbation theory. 
The first contribution to the correlation energy only involves a sum over doubly 
excited determinants. These can be generated by promoting two electrons from 
occupied orbitals I andj into virtual orbitals a and b (c.f. (77)). This summation has 
to be restricted so that each excited state is only counted once. The matrix elements 
between the Hartree-Fock determinant and a doubly excited state are given by two 
electron integrals over MO's. The difference in total energy between the two Slater 
determinants becomes a difference in MO energies, and the formula for the second-
order Moller-Plesset correction is: 
E(MP2) 




Once the two-electron integrals over MO's are available, then the second-order 
energy correction can be calculated as a sum over such integrals. 
1.14 The Present Multi-reference Cl Investigation. 
Most of the calculations in this study were carried out on a DEC Alpha AXP 3000 
(venus.chem.ed.ac.uk) using the 'Generalised Atomic and Molecular Electronic 
Structure System' (GAIvIESS-UK) program""", but some were performed on the 
parallel processor (T3D) darwin.epcc.ed.ac. uk . 
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Chapter 2 Ground State Properties 
In this Chapter there is discussion of both electronic properties such as dipole and 
other moments, and also classical terms such as moments of inertia which are just 
based on the atomic masses in total, and do not involve an electronic structure 
calculation at all. Most of the comparison of the theoretical data is with microwave 
spectroscopy of gas phase molecules, hence the need to deal with some basic aspects 
of this technique. The importance of theoretical studies of dipole and other moments 
etc, is that comparison with experiment gives a guide about the accuracy of the 
ground state wavefunction. Also in some cases where the experimental data requires 
some assumptions for complete interpretation, the calculated data can give guidance 
on what assumptions are valid. Further, the data from the calculations can be 
analysed in terms of contribution from individual MOs, whereas the experiment can 
only operate on the overall real wavefunction. In some cases, the calculation can 
make the experiment unnecessary, since the predictions can be regarded as firm. 
The general subject of molecular multipole moments has been reviewed over many 
years. 11,21  Any system of electric charges has associated with it a set of electric 
multipole moments. 121  Thus, the potential at any point P (with polar co-ordinates, R, 
8) arising from point charges e1 and e2 at distances z1 and z2 from an origin 0, can be 
described as in Figure 2.1 [21 
0 
P 
L1 	 - 
Z2 
Figure 2.1 An arbitrary point P in relation to two point charges and an origin. 
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The potential () can then be written as the sum of the two potentials e1 I ri and e2 / 
r2, and expanded using the cosine rule and the fact that R is greater than z1 and z2 
(Figure 2.1). The expressions in r 1 and r2 can then be expanded as a power series 
in z 1W' and z2R by dividing throughout by R 2 which finally leads to Equations 2.2 
and 2.3. 
= e1 / r 1 + e2 / r2 






= (e/R) [1 - 2 (z 1 /R) cos e + (zifR)2 ]1/2 
+ e2/R) [1-2 (z2fR) cos 9+ (z2fR)2 	
(2.2) 
=(e1 +e2 )/R 
+ (eizi + e2z2) cos 9 / R2 
	
(2.3) 
+ (e 1 z1 2 + e2z22 ) (3 cos2 8 - 1)! 2R'+ ....... 
The first term in Equation 2.3 is the charge (or zeroth moment), the second term is 
the dipole (or first) moment, and the third is the second moment (the quadrupole 
moment). All are defined relative to an origin 0. The origin is chosen as the centre of 
mass of the system. 
The definitions of multipole moments can be summarised by the following 
equations, where each term has both a nuclear and an electronic term. The subscript 
'i' denotes each of the particles of the system, while aj,y are jut the three co-
ordinate axes, such that ia, etc are the components of the coordinates in each 
direction. 
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Figure 2.2 A summary of the equations following BuckinghamI 21 for the charge, dipole 
moment, quadrupole moment and hexadecapole moments. 
The dipole moment 
() 
in the direction a is given by Equation 2.4, where the value 
of p is the electron density integrated over all space (dt). If the integral is expanded, 
and the electronic and nuclear terms are separated, this becomes Equation 2.5. 
P. = I p r dt 	 (2.4) 
(2.5) 
The values of r 1 and RA contain components x1 , yj and Zj and similar nuclear 
components. 
The components of the electronic term then become double summations over orbitals 
v and ja of the electronic wavefunction (yo) as in Equation 2.6, where P is the 
density matrix. 
(2.6) 
In the same way, the quadrupole moment (9) is given by a second rank tensor 
(Eqn. 2.7), ie a set of values aa, bb, cc, ab, ac, bc, where the direction a,b,c are 
inertial or other orthogonal axes, such as x,y,z, or a, f3,'y. The values for the terms ab 
are the same as ba etc, so the tensor is a symmetric matrix. 
= % I p [ 3ro, r - J6cz ] dt 	 (2.7) 
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2.1 Moments of Inertia and Rotational Constants 
The moments of inertia of a molecule are defined as follows (Eqns. 2.8-2. 10) : [ 3][41 
= 	m. (y, +Z 1 
	
(2.8) 
= m 	+ 	 (2.9) 
1=  = m 1 (x? +)),) 	 (2.10) 
And the products of inertia are defined as in Eqns. 2.11 —2.13: 
I = I =M1 Xi Yi 	 (2.11) 
Izx = Ixz = —m1x,z1 	 (2.12) 
'yz = 'zy = —m,y,z1 	 (2.13) 
In the above equations m1 is the mass of the ith atom, x,, y,, and z,, are the 
corresponding co-ordinates measured from the origin of a Cartesian coordinate 
system fixed within the molecule, and the sum is over all the atoms of the molecule. 
These moments of inertia and products of inertia are the components of the moment 
of inertia tensor, and can be arranged into a square matrix as in Eqn. 2.14, which is 
symmetrical across the diagonal, ie I = 12p etc. 
'xr 'xy 'x 
1= 
'z 'zy  'zz 
(2.14) 
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In practice, the elements in the co-ordinate system (x,y,z) are usually determined in 
the inertial axes (a,b,c). A molecule with three identical moments of inertia (L = lb = 
I) is called a spherical top, one with two similar is a symmetric top, and one with 
three different values, such as C2v  molecules like ozone, is an asymmetric top. The 
axes are labelled such that L:5 lb :5 L. 
The values of the elements within the inertia matrix are dependent upon both the 
origin and the orientation of the coordinate system; by convention the origin is to be 
taken as the centre of mass of the system. The centre of mass F of the system is 
found using the Eqns. 2.15 and 2.16. The position vector to the i th atom of the 
molecule is measured from an arbitrary origin, and is at distance r1 . If the vector 
distance from the arbitrary origin to the centre of mass is designated as F, where r' 
represents the distance of the ith atom from the centre of mass, (Figure 2.3). then 








Figure 2.3 Location of Centre of Mass with respect to an Arbitrary Origin 
If this equation is then multiplied by m1 and summed over all the atoms in the 
molecule then the centre of mass of the system measured from the arbitrary origin is 
obtained: 
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= 	 (2.16) 
As an example, ozone with three 160  atoms, lies in the yz plane with the z axis as the 
symmetry axis in the centre of charge system, as used in quantum chemistry 
calculations. These axes become the a, b, c axes in the principal inertial axes system, 
where y = a, z = b and x = c, as shown in Figure 2.4. Because the molecule lies in the 
yz-plane, the only off-diagonal term for ozone is I = ' ab since all terms involving x 
















-3.0-2.5-2.0-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Figure 2.4 Ozone molecule in the Principal Inertial Axis System (a.u.) 
It is usual to diagonalise the matrix in Equation 2.17, to determine the principal 
moments of inertia. For example the diagonalised form of Eqn. 2.14 for the ozone 
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molecule is Eqn. 2.17. The principal moments of inertia for ozone are I 43.439 
MHz, Ix,, 4.833 MHz and I 38.606 MHz. 
43.43895 	0 	0 
1= 	0 4.83311 0 	 (2.17) 
0 	0 	38.60584 
Clearly, different isotopes of the same element have different masses, these produce 
different moments of inertia. Ozone has been studied with various combinations of 
160, 170 and 180;  these are discussed in the following Chapter. An electronic 
structure calculation such as those of the present Thesis, uses atomic numbers for the 
nuclear charge, but the masses do not enter the calculations, except in subsidiary 
processing of the main results. If the central 0 atom is replaced by a 170  atom then 
the C2v  symmetry is maintained, the only change will be in the position of the 
molecular centre of mass. However, if one of the terminal oxygen atoms is replaced 
by a 170  atom, then the molecule will still lie in the a, b plane but it will now lie 
unsymmetrically, with the ' 7O nucleus lying closer to the b axis. 
There are some general expressions for finding the moments of inertia of a molecule 
if the basic structural parameters, i.e. the bond length and bond angle, are known, 
some examples of which are in Table 2.1. Of far greater importance to chemistry, the 
opposite is also true; that is, if the moments of inertia are known it is possible to 
calculate the bond lengths and bond angles of the system under investigation. (4][5] 
As can be seen in Table 2. 1, for a bent XY 2 type molecule like ozone, it is necessary 
only to know two of the moments of inertia to obtain the third. Here dxy is the bond 
distance between atoms X and Y, mx is the mass of atom X, Mis the total mass of 
the molecule, 0 is the Y-X-Y bond angle. Thus, to determine the molecular structure, 
the rotation constants (Eqns. 2.18 —2.20) are obtained for more than one isotopic 
composition if possible, in order to have sufficient equations to solve for the co-
ordinates of the atoms. Such a structure is the substitution structure since one or 
more atoms have been substituted by alternative isotopes. The bond lengths (r s) are 
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then given the subscript 's' indicating the method. The results of many spectroscopic 
studies have been 	 161  
Molecule Type Moments of Inertia 
Diatomic, xy 
1 
1 = I 	
m 
X
m Y 	2 
) MX +M Y  
= 2md 	2 0 sin - 
2 




y M 	 2 
= 	+ 1y 
Table 2.1 Expressions for the Moments of Inertia of some simple molecules 
The moments of inertia for a molecule are also related to the rotational constants A, 
B and C of the molecule by the following formulae: 
h 
	








Where h is Planck's constant and A, B and C are the rotational constants, in IvlIHz, of 
the molecule. 
2.2 Dipole Moments 
The electric dipole moment of a system 14'7 is defined as the distance between the 
centre of gravity of the positive (nuclear) and negative (electronic) charge multiplied 
by the nuclear and electronic charge of the system, and is given by Equation 2.21. 
The summations are over the nuclei (n) and electrons (i), with r n and r1 being average 
values for the positions of the nuclear/electronic charge, evaluated in each Cartesian 
direction and summed as squares. 
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p = >Z,,r,, - 	 (2.21) 
The first term in Eqn. 2.21 only requires knowledge of the positions of the nuclei; the 
second term is more difficult owing to ri being unknown. Thus, following an 
electronic structure calculation, the quantum mechanical expression for the dipole 
moment of a molecule with N electrons and S nuclei is Eqn. 2.22, where the charges 
are q,4 = -1 for electrons and qk = Zk for nuclei, Rk is the position vector for the kth 
nucleus. 
i-i=(WI — rPIW)+ZkRk 
	 (2.22) 
23 Molecular electronic properties from microwave spectra obtained in 
a magnetic field. 
2.3.1 Second moments of the charge distribution 
Second moments take the form of the operators x 2, y2, z2, xy, xz and yz, where the 
diagonal components are defined by terms like Eqn. 2.23. The set of six terms make 
this a symmetric tensor like the inertia matrix. 
xx = fp(r)xxdr 	 (2.23) 
In Eqn. 2.23, p(r) is a molecular charge distribution in three dimensions, which 
consists of a continuous electron density distribution (negatively charged) and a 
number of (positive) point charges arising from the nuclei; v is the volume containing 
the charge distribution. 
The off-diagonal elements are defined by Eqn. 2.24, where the variables have the 
same meaning as above. 
xy = Jp(r)xydr 	 (2.24) 
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The second moments for simple molecules can be determined by microwave 
spectroscopy. Only the electronic term is obtained, leading to the name 'second 
moments of the charge distribution'. 
The experimental second moments thus correspond to the electronic term only from 
the electronic structure calculation, and are measured in the inertial axis system. 
Normally these are obtained as differences between values, the amsotropies. The 
terms can be summarised as in Equation 2.25, where i runs over all occupied 
orbitals. 
<a2> - <b2> = <4'0 E a12  'I/o> - <'I/o I y,b12  I 410> 	 (2.25) 
2.3.2 Molecular quadrupole moments 
The quadrupole moment of a molecule is a special form of the second moments [2,8-91 
and is similar in form to the moments of inertia, since i = m1 2  and has the form 
= q 1 r, .where q, is the charge on the atoms and r- is the distance between the 
dipoles. Thus the quadrupole moment can be considered as a pair of dipoles with 
opposite orientation separated by a particular distance. 
It is possible for a molecule to have no dipole moment but still to have a quadrupole 
moment, e.g. CO2 (Figure 2.5), where the central carbon atom has two 6 charges 
and each of the terminal oxygens have a single & charge. In the same way, methane 
has zero dipole and quadrupole moments, but does have a nonzero octopole moment, 
ie a set of 8 charges along the four bonds. 
26+ 	6- 
0 Co 
Figure 2.5 The quadrupole charge distribution of the CO 2 Molecule 
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The molecular quadrupole moment has both nuclear and electronic terms, and can be 
calculated from the second moments. The diagonal and off-diagonal elements are 
defined in Equation 2.26, where Q is the quadrupole moment on the x direction and 




The general form of the molecular quadrupole moment is shown in Eqn. 2.27, where 
the nuclear terms (N) and electronic terms are separated. 
	
Q=eN[ZN(3zN2 —rN2 )]—e<'PoII(3zj2 —r12 )IPo> 	(2.27) 
23.3 Electric Field Gradients and Nuclear Quadrupole Coupling 
Constants 
An unscreened electronic charge e at a distance r from the nucleus will give rise to a 
potential e/r at this nucleus. The electric field gradient (q) at the nucleus due to this 
electron is given by Eqn. 2.28, where 0 i the angle between r and the reference z- 
axis. E 101 However, since cos 9 = x , and r = (x2 +Y2 + z2 ) , the more general form 
for Eqn. 2.28 is Eqn. 2.29. 
a2 (e'\ 	 2 	2' 	e(3cos2O_1) ±y +z 3 	 (2.28) ôz 	5z'rj 	ôz 
2 	
r 
- a2 	3z 2 —r 2 
qzz r5 
(2.29) 
The electric field gradient (EFG) is again a second rank tensor, with elements 
xx,xy,xz,yy,yz,zz. These are interchangeably written in the form <xx >or <x 2>. The 
importance of these EFG values is that they are linearly related to the nuclear 
quadrupole coupling constants of atoms with nuclear spin of 1 or greater. Thus this 
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set of atoms includes 14N, 170 35C1, 79Br, 127j  as well as other isotopes (e.g. 81Br), and 
many other atoms from the Periodic Table.' 1]  As well as microwave spectroscopy 
(MW) which provides much detail in the molecular inertial axis frame, [3,4,91  there are 
solid state methods such as nuclear quadrupole resonance (NQR), which give data 
directly in the EFG principal axis (EFG-PA) system. The MW values are initally in 
the separate inertial axis system, and except where symmetry makes the IA and 
EFG-PA systems parallel, some assumptions have to be made to get from the MW to 
the EFG-PA systems, as mentioned below. 
In order to obtain the molecular electronic contributions to the EFG at the atomic 
nucleus (A), it is necessary to integrate Equation 2.29 over the occupied molecular 
orbitals (4) j) (Eqn. 2.30). The present study uses MP2, CASSCF and other 
wavefunctions, so that the contributions from each MOs is a value weighted for the 
orbital occupancy, where n1 (= 1, 2 or a fractional amount) is the number of electrons 
in the ith orbital (Eqn. 2.31). 
	
A r  *(3z2_rfld.. 	 (2.30) q 1 =ejq1 	
r5 	) 
, 	I 	 (2.31) 
. [3z 2 _r2 
q 1 = e n1 I q5 
" 
r 
Electric field gradients (q11) are related to the nuclear quadrupole coupling constants 
(NQCC, Xii ) by Eqn. 2.32, which includes the value of the fixed constant. In 
microwave spectroscopy, the units for the NQCC are invariably MHz.; in NQR 
where there are differing conventions in physics and chemistry, both MHz and the SI 
units of volts(V)/metre2 are used. Q is the atomic quadrupole moment in Barns, 
where (1 Barn = 1028 m 2) and qj, is the electric field gradient in atomic units. . The 
value for Qz  depends upon both the atom (Z) and indeed its individual isotope. These 
moments have both sign and magnitude, and there is no simple relationship between 
their values. In the current Thesis, the values of interest are for 170 35C1 and 37Cl, 
79Br and 81 Br, and 127j  The values for these atomic quadrupole moments are still a 
matter of debate and ongoing research. The values given in the IUPAC 'Green Book' 
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are as follows, E121  but these have been upgraded since publication, and the revised 
values are shown in square brackets, E1111141  with error bars in parentheses 
(femtometres 2): 170, -2.578; "Cl, -8.249; 37C1, -6.493; 79Br: +29.3 [33.1(4)]; 
81 Br: +27 [27.6(4)] and 1271:  -78.9 fin2 respectively, where 1 fin  = 10 0  m2 = 0.01 
barn. 
	
Xii = e2 Qz qjj / h = 234.96 Qz qii 	 (2.32) 
The SI EFG conversion factor for atomic units is expressed as 1 a.u. = e / 4its 0 x a03 
= 9.71736 x 1021  Vm 2. The overall conversion factors from the EFG (in a-u.) to 
nuclear quadrupole coupling constants in MHz are then: 170  -6.05727; 
35C1, -19.18448; 79Br, +77.77176 and 1271:  -185.38344 MIHz.a.u.'. 
There are two types of term of importance in microwave spectroscopy and 
theoretical chemistry, the inertial axis (IA) quadrupole coupling results, and the 
electric field gradient principal axis terms (EFG-PA). The two are related as in 
Equation 2.33 where aa = 	etc. and Xab = Xba etc. 
aa ab ac 	xx 
ba bb bc = T
-1 
	yy 	T 	 (2.33) 
ca cb cc 	 zz 
For planar molecules, one axis (the c-axis) is already the EFG-principal axis, and the 
transformation matrix (T) is given by Eqn 2.34. 
cosO sin  0 
T= —sin9 cosO 0 
	
(2.34) 
0 	0 	1 
To convert from the inertial axis data to the electric field gradient principal axis 
elements (EFG-PA), the relationships are as in Equation 2.35. 
- Zaa cos2 0 - Zbb sin2 9 
Xxx  cos 2  9 —sin2  9 
(2.35) 
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Xbb COS' 9 	Zaa 2 9 
XYY 	 2 2 cos 9 —sin 9 
There is a strong correlation between both the magnitude and direction of NQCC in 
the EFG-PA system and bonding factors. This is a major source of information about 
bonding in molecules through the correlation and interpretation of experimental data. 
There are major reviews and new results from CI and other studies for sets of nuclei 
of different types in single molecules. Thus citations to papers on compounds of the 
following elements have been given: 14N 15 ' 7 , 10BE18 1701191 33 S1201 and the halogens 
35Cl, 79Br and 127I[2123]  All of these studies relate especially to gas phase 
experimental studies by microwave spectroscopy in particular. 
24 Analysis of the wavefunctions for electron density. 
The most commonly used methods for determining the electron distribution in 
molecules from the electronic wavefunction are the Mul1iken 1241427 and LOwdin 
populations, [21][29]  the Natural Atomic Orbital (NAO) populationsl' ol -[141  and the 
Atoms in Molecules (AIM) electron densities. 13511371 These methods have recently 
been reviewed in detail. [381  The same wavefunction for each compound was 
investigated by various methods, it is surprising that the methods lead to such 
differing local charge distribution data. 1381 There have been previous comparative 
studies of the atomic charge distributions derived from these theoretical 
procedures, 139]  for a variety of compounds at the SCF level, but it is well-known that 
atomic populations are often subject to significant change when electron correlation 
is included. [40][4'1  The earlier1391 diverse series of molecules containing C,H 2O,N 
under investigation, with few closely related molecules, made the study incapable of 
showing general relationships. 
Although the numerical values for local atomic charges vary greatly, all the methods 
correlated, but in markedly differing ways. [381  The Mulliken charges seem the most 
selective in relation to systematic change of substituents in a series of halogenated - 
ethanes and -disilanes, since a number of examples occur where the AIM charges at 
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C, Si centres are effectively identical in different molecules, where some differences 
might have been anticipated. These were often distinguished by Mulliken 
populations. 38 
There have been attempts to link "experimental"and theoretical charge distributions 
in particular, by using infrared vibrational intensities. Atomic polar tensors (APT) 42 
have been determined for many of the fluoroethanes 431 from integrated infrared 
intensities, and yield effective atomic charges that are proportional to Mulliken's 
atomic populations for a number of compounds. 42145 An unexpected recent 
observation1461 that the equilibrium (re) bond lengths (r) for Na and MN (M = C, 
Si) in particular in a series of halogenated ethanes and disilanes, were linearly related 
to the Mulliken local bond dipoles (q)(471{491  again shows that Mulliken 
populations have intrinsic interest. 
Given the MP2 wavefunctions used in much of the present work, all summations of 
populations are weighted with the occupation numbers of the natural orbitals. If any 
two atomic centres have orbitals v and t respectively, and P is the density matrix, we 
have for the Mulliken populations Equation 2.36. 
Nv = (PJIVSIV + P,WS IV) / 2 
	
(2.36) 
The Mulliken atomic charge (qA)  and the Löwdin atomic charge (QA)  are closely 
related (Eqns. 2.37 and 2.38), as is the corresponding term in the "Optimal 
Population Analysis" where only the squared engenvector terms are retained. r501 The 
results of Mulliken and LOwdin atomic populations [381  show considerable numerical 
similarity, and do not warrant further consideration. 
Although the Mulliken analysis has been criticised because of the equi-partition of 
the overlap population between each pair of centres, is is claimed this is a 
characteristic of the method rather than an arbitrary choice. [51] 
(PS)gg 
	 (2.37) 
QA'ZA - ( inA)(S P L 
	 (2.38) 
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In the NAO method, part of the Natural Population Analysis (NPA) routines, given 
the wavefunction in the form of a set of non-symmetry adapted natural orbitals, the 
diagonal elements of the one-electron density matrix are partitioned into atom 
centred sections; in this respect, this is related to both the Mulliken and LOwdin 
methods of analysis. 
In contrast, the AIM Method performs numerical integration of the wavefunction. 
The molecular charge distributions are separated into "atomic basins" separated by 
zero-flux surfaces. The density within these surfaces is integrated, leading to the 
average atomic population (N e) as in Eqn 2.39. 
N. = p $(x) dx 	 (2.39) 
The "critical points" (CP) associated with determination of the atomic basins are 
identified, by use of the EXTREME (actually EXT94B) package of AIIvIPAC. At 
these points the gradient of the electron density is zero, representing a natural choice 
for the atomic boundary. Electron density within the atomic basin is then determined 
by numerical integration with either the PROAIMV or PROMEGA packages. 
Location of the bond "critical points" for the evaluation of electron density in the 
AIM procedure is indeed critical. E381  It has been noted that the ATh4PAC code 
methods can be misleading with bonds having atomic orbitals (AOs) of differing 
size. E521  In the recent study of ethanes and disilanes, the C-C and Si-Si atoms have 
identical sets of AO's, but in general have differing electron densities, as a result of 
the adjacent substituents. 381 Thus the CP for some C-C or Si-Si bonds lie markedly 
away from the bond-midpoint. Such a situation can be expected to apply to X20 
(where X = halogen), but not so with ozone. 
Linear correlations of the form  = mx +c occur between Mulliken (y)  with either 
AIM or NAO Atomic Populations (x). 138 For fluoro-ethanes and disilanes, the 
principal effect of these methods is the very different net charges (Table 2.2) on 
some atoms such as carbon, in the AIM method. The charges for Si atoms in the 
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fluorodisilanes are even larger, with a range for the AIM data and NAO data which 
seem unlikely. 
Centre AIM Mulliken NAO 
C -0.1 to +2.0 -0.7 to +0.9 -0.8 to +1.3 
H 0.0 to +0.1 +0.15 to +0.20 +0.18 to +0.25 
F -0.66 to –0.64 -0.35 to –0.27 -0.45 to –0.40 
Si +1.95 to +3.0 +0.10 to +1.25 +0.4 to +2.2 
Table 2.2 Comparison of range of charges from various methods. 
All of the forgoing discussion suggests a continuing interest in Mulliken charges 
both for theoretical and experimental reasons, and are the reason for discussion of 
these in the following and other Chapters. 
25 Vibration frequencies at the equilibrium geometry. 
The potential energy diagram for the hydrogen molecule (AB) has the form shown in 
Figure 2.7 (Figure 14-4 of Bockhoff). 1531 The diagram defines some related terms, 
and superimposes the harmonic oscillator approximation. The potential energy (V) 
for the harmonic oscillator is given by Equation 2.41, where the restoring force is 
proportional to the displacement (y = r - re ) from equilibrium (re).  The constant K 
is referred to as the force constant, and is a measure of the rigidity of the bond A-B, 
since it has units of energy (V) for unit displacement (y). The vibrational 
Schrodinger Equation (Eqn. 2.40) then yields the allowed vibrational energy levels as 
in Eqn. 2.42, where v is the running index 0,1,2,3... and v 0 is the fundamental 
frequency. These are evenly spaced vibrational levels from Eqn. 2.42. 
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Figure 2.7 Reproduction of the potential energy curve for a diatomic molecule. 
2.6 Vibration and Rotation in simple molecules 
Each of these vibrational levels then contains a set of rotational levels. [541  The 
rotational energy levels for a rigid molecule are given in the 'rigid rotor' framework 
by Equation 2.43, where J is a running index, J =0, 1, 2, 3, ... etc, and I is the 
moment of inertia for the molecule. Pure rotation spectra are found in the microwave 
region of the electromagnetic spectrum. Each line corresponds to a change in J of 1 
unit, ie AJ = ± 1. Thus the spacing is uneven, and some typical values in units of 
Erot = n ( h2  / 872 I) haven = J(J+l) = 0,2,6,12,20 etc. 
Erot=J(J+ 1 )h2 /87t2 1=hBe J(J+ 1) 	 (2.43) 
At the first level of approximation, the terms in Eqns. 2.42 and 2.43 are added, 
giving the total vibrational and rotational energy levels, for a rigid rotor in the 
harmonic approximation. The definition B = h2 / 87t2  Je simplifies the terms. The first 
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extension of this to account for the shape of the experimental curves like Bockhof?s 
Figure 14-4 above(Figure 2.7), are to use terms which introduce a power series in (v 
+ '/2 ) and in J. Such terms are the anharmonicity (x c), where the subscripts now refer 
to the equilibrium geometry (re etc.), the vibration-rotation coupling constant (a s) 
and the centrifugal distortion term (D e). 
EvJ=hVe (V+'/2)hVe Xe (V+'/2)2 
1Be J(J+ 1 )hDeJ2(J+ 1)2 
	
(2.44) 
- hct J (J + 1) (v + Y2) 
It is then possible to gather the two series into a combined term (Eqn. 2.45) where 
the separation is reintroduced by the particular values of Y1j. The individual terms are 
then defined as in Eqn. 2.46 for most molecules. 
= 	Yj'j  (v + '/2) JJ (J + 1) j 	 (2.45) 
= e Y20 	We Xe T0 = ',Ye Y40 = W Z. 
Y01 Be 	Y i ae 	IYe 	
2 
Y2=_De 	Y1 2=A 
(.46  ) 
Y03 =He 
Further discussion of these terms lies outside the remit of the present Thesis, and 
here the main purpose is to indicate the relative values for some of these terms in 
order to evaluate the differences from the harmonic terms. Some typical values [551  in 
(cm -1 ) are shown in Eqn. 2.47; the values for these molecules decline rapidly after 
the first of each type of term, showing that the divergence from harmonic is small 
near to equilibrium. 
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O)e =hve B 
Molecule De  /hc (Y02) 
(Y10) (Y01) (Y20) (Y11) 
N2X1 g 2358.07 1.999 14.19 0.0177 79.87 	(2.47) 
02X3 g 1580.36 1.446 12.07 0.0158 29.52 
COX 1 g 2169.83 1.931 13.30 0.0175 42.05 
Many theoretical studies of molecules such as those in Eqn 2.48 have been 
performed, with reasonable agreement in the spectroscopic constants in the case of 
molecules such as these and F 2 etc. [56] 
2.7 Some comments on potential energy curves 
Although not part of the present Thesis study, the form of some common potential 
energy surfaces is briefly mentioned here. The function should have a minimum at 
the equilibrium structure, should be very large at very small internuclear separations, 
and should approach a constant value as the atoms become widely separated. There 
are four main types of function used to generate curves such as Figure 2.7 above. 
These can be classified 57581 as (a) 'double-reciprocal', (b) 'double exponential', (c) 
'reciprocal-exponential' and (d) 'polynomial'. These are shown in Table 2.3; the first 
term represents the repulsion between the atoms, while the second represents the 
attractive force between the atoms, because of the negative sign. Both become 
infinite when r tends to zero, and zero when r tends to infinity. The overall behaviour 
of the expressions depends upon the relative values of the constants (a,b). Typical 
values for the reciprocal type of function have m=2, n=1. 
Double Double exponential Reciprocal- Polynomial 
reciprocal exponential 
a 	b V-V O " 
V = V =a.e-b.e V= 	b.e 
ao2(1+ai+a2 	
2+) 
t aote zi uommon types oi potentiai energy terms. i nese are introduced into Equation 2.41. 
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By far the most common potential energy expression is the Morse Potential E591  where 
X = R - Re (Eqns. 2.48 and 2.49), which was one of the earliest equations derived for 
the purpose. It appears to give an average error of about 3.7% for solutions to data 
for 19 diatomic molecules, and hence whilst only reasonably accurate, it has the 
advantage that the Schrodinger Equation can be solved completely. Thus when R = 
00, the Morse potential is at R = De, and the value is very large when R =0 (not 
actually 00). There are only 3 parameters. The Dunham parameters, using 
polynomial expansions are widely used, but the degree of the polynomial is often not 
indicated.E601 The terms ao a1 a2 etc are identifiable with the spectroscopic constants 
e' Xe(L'e etc. 
ax 2 VDe[1e 
_ 
] 	 (2.48) 
V=A_Dee_2a2Dee _a x 	 (2.49) 
2.8 Vibrational spectra of Triatomic Molecules. 
The notation used in vibrational spectroscopy is as shown in Eqn. 2.50 for a triatomic 
molecule. 
Transition 	 Notation 
(0,0,0) -+ (0, 1,0) 
(0,0,0) —* (2,0,0) 	 2v1 	 (2.50) 
(0,0,0) 	(0,1,2) 	 v2 + 2v3 
(0,1,0) — (0,0,1) 	 v3 - V2 
In the case of molecules such as ozone, and the dihalogen oxides (X 20) studied in 
this Thesis, the use of high resolution techniques has focussed attention on the band 
origins of the fundamentals, v1 , v2 and v3 , as well as the overtone and combination 
bands, of types shown in rows 2 and 3 of Eqn. 2.50. All of these are subject to the 
same vibration + rotation analysis as mentioned above for diatomic molecules. If the 
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rotational part is ignored, the terms of the vibrational part for a molecule like ozone 
are as follows (Eqn. 2.51), where G is the total set of terms. 
G (vi ,v2 , v3) = G0 + oi (vi + 1/2) + 0)2 (v+ 1/2) + (03 (v3 + 1/2) 
+ G1 1 (vi + 1/2)2 + G22 (v2+ 1/2)2 + G33 (v3 + 1/2) 2+G12(v i + 1/2) (2.51) 
(v2+ 1/2) + G 1 3(v 1 + 1/2) (v3+ 1/2) + G23(v2 + 1/2) (v3+ 1/2) 
If enough bands can be identified and positioned accurately, then the set of Gij can 
be obtained, and the anharmonicity determined experimentally. 56'621 This is done 
by determining the actual position of the combination or overtone bands relative to 
what they would be on the basis of the fundamentals alone (v1 , v2 and v3), using 
equations such as 2.52. 
(my, + rv2+ sv3) - m (v i ) —r (v2) —s (v3) = 
	 (2. 52) 
m(m-1)G il + r(r-1)G22 +s(s-1)G33 + mr G12 + msG 13 + rsG23 
Given the fundamentals for ozone, and the bands at 1740cm (v2 + v3), 2105 (v i  + 
VA 2800 02 + 2v3), and 3050 cm' (2v3), the values for the terms G 23 = -8, G13 = - 
48, G12 = -2cm, etc are obtained. 1611 
2.9 The oscillator strength in the excited state studies. 
Although this is not a ground state property, there are some similarities in the terms 
used, to those used elsewhere in this Chapter, so it is appropriate to include the 
Section here. 
The oscillator strength (f) as used in experimental studies is represented by Eqn. 
2.53, where Gf is the statistical weight of the final state, normally 1.0, and D 1f is the 
dipole strength between the initial (I) and final (f) states, and v is the frequency of the 
absorption. [63] 
f'(81t2 mc/3h)GfvDf 	 (2.53) 
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The dipole strength is given by the square of the dipole moment vector shown in 
Eqn 2.54. This is not identical with the dipole moment operator, since it involves 
both the initial and final states, but is clearly similar, and represents the charge 
migration or displacement during the excitation process. 
R = <W1 M jJf> = <p [er] .IJf> 
	
(2.54) 
Following Mulliken and Reiket 381 the oscillator strength is then given by Eqn. 2.55, 
where the excited state frequency is given in cm' and R is in atomic units. The 
values for the fixed constants in cgs units are: Planck's Constant (h) 6.6252 x 1027, 
mass of the electron (m) = 9.1083 x 1028  gram and the velocity of light (c) 2.9979 
x 1010  cm.sec, while a0 = 0.529 177 Angstrom = 0.529177 x 10 metres. 
f= 1.08473x10' 1  va02 R2 =3.03791 x 10vR2 	 (2.55) 
In GAMESS-UK the oscillator strength expressed in terms of the excitation energy 
(AE) obtained directly from the diagonalisation process, gives the oscillator strength 
(f (r)) as Eqn. 2.56,where the initial (i) and final (f) states are indicated. This is the 
dipole length formalism. 
f(r) = 2 <Tj I r J 'Pc>2 / 3AE 	 (2.56) 
In all these equations the effects of rotation and vibration of the molecule have been 
excluded, and that the molecule has the same (equilibrium ) structure in both the 
ground and excited states. 
Neither of these are strictly correct, but this leads to the 'vertical transition' for the 
excitation process. 
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Chapter 3 The Ground State Properties of Ozone: a comparison of the 
calculated results with experiment. 
31 Background 
The importance of ozone has been well recognised in the last ten to fifteen years, 
both for its presence and effect on solar radiation in the upper atmosphere, and its 
effects in the lower atmosphere, most notably in smog and other forms of pollution. 
In the upper atmosphere ozone screens out radiation with wavelengths of between 
240nm to 290nm. This is important, as radiation with this range of wavelength is 
lethal to unicellular organisms, but in humans can cause skin cancer. Since it is the 
only molecule in the stratosphere that does this it plays a role of huge importance to 
life on Earth. 
Ozone is formed in the stratosphere by reactions between molecular oxygen, 02,  and 
photons, which lead initially to oxygen atoms (Eqn. 3.1). These atoms then react with 
more molecular oxygen and some other suitable molecule or particle (M), to form 
03: 
02 +hv—*0+0 	 (3.1) 
0+02 +M—*03 +M 	 (3.2) 
This 03 can then be broken down to 0 and 02 by more radiation (Eqn. 3.3), or by 
collisions with further 0 atoms (Eqn. 3.4). This series of reactions is called the 
Chapman model. 111 
03 +hv-+0+02 	 (3.3) 
0+03 -202 	 (3.4) 
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There are also a variety of other reactions that can cause the destruction of 03 these 
are usually termed as catalytic cycles (Eqns. 3.5), and this leads to the overall 
reaction Eqn. 3.6. The molecules or radicals X in these reactions are various species, 
e.g. H, OH, NO or Cl. 
X+03 —XO+02 	 (3.5) 
xo+o-> 02+X 
03 +0*202 	 (3.6) 
In Equation (3.3) the 0 and 02 fragments are in either their ground state 
configuration, or excited states. 
Thus the 0 atom can be either the ground state configuration 0( 3P) 
(1s22s22p 22p'2p'), or 0( 1D), an excited (singlet) state of atomic oxygen. The 02 
fragment can also take various states, some examples are: 3g  (the 02 ground state), 
and also and 1 Ag. In all, there are at least five channels for the photodecomposition of 
ozone to 0 + 02, and there are specific wave-lengths at which the onset of these 
dissociative processes occur. In the range 1000 ~! X 2: 320nm, the region where the 
Wulf, Chappuis and Huggins bands occur, the principal decomposition is to 0( 3P) + 
02(X 3g).  At shorter wave-lengths 317 ~! ~: 303nm, the start of a changeover to 
the 0(D) + 02(a 1 Ag) occurs, which is largely completed in the range 302 ~! X 
220nm. 121 
This Chapter considers the analysis of the wavefunctions obtained from the present 
study of ozone. The principal results of interest are the CI studies, usually linked to a 
previous CASSCF or MP2 calculation. This is because SCF studies of ozone and 
related molecules such as F20, C120 and Br20 give very poor structures when 
compared with experiment, while the structures from CASSCF, MP2 and Cl methods 
are much improved. The properties described here are the so-called I -electron 
properties, since they involve the wavefunction and the basis set overlap integrals (1-
electron integrals) but not the 2-electron integrals. Also included in the present 
Chapter are discussion of the harmonic frequencies and comparison with 
experimental infrared and Raman frequencies. 
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Perhaps because of its instability, and difficulty in obtaining samples free from 
oxygen gas, most of the data relating to the structure and electronic properties of 
ozone come from microwave spectral studies, where the use of dilute samples in 
oxygen gas are straightforward. The molecule has been studied by a variety of 
authors over many years, as described below. 
3.2 Theoretical aspects of relevance to the molecular 1-electron 
properties 
Much of the early literature on the electronic structure and electronic excited states 
has been reviewed. 31 Probably as a result of the difficulty in drawing a simple Lewis 
structure for ozone, and also its small number of electrons and importance to 
atmospheric chemistry, there has been extensive interest in theoretical papers. Only 
those with relevance to the Present Chapter are cited here. Many of the early Papers 
used assumed or experimental structures, and these are given less importance than 
those at equilibrium structures. 
In general the bond length and angle for ozone at the SCF level of theory are very 
poor when compared to the experimental values; some exceptions to this are two 
studies with essentially STO-3G bases, 14,51  where the usual errors with larger bases 
seem to cancel. In contrast to many early MO calculations, such as the extended 
Huckel method 61, the LUMO of ozone has a negative orbital energy E7,81  (see Table 
3.1 for some present results which relate to this aspect), which indicates that this 
orbital has to be included in the occupied orbital set, to correctly describe the ground 
state of ozone. This cannot be done at the SCF level, which is the reason for the 
values from the SCF calculations being poor. This weakness of SCF calculations 
over structural features is also true of the other molecular properties shown below, 
and hence is the reason for the use of MP2, CASSCF and CI methods to improve the 
wavefunction in the present study. 
The atomic and molecular properties of ozone have been reported by several 
previous workers, but in particular, a double zeta (DZ) SCF studyt 91 showed that the 
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central 0 atom was positive, with the approximate charge distribution 0 .015= 0+0.3 = 
0-0.15 
; this seems to be generally found to be the local polarity, although the bond 
dipoles vary. A number of atomic properties such as electric field gradients at the 0 
atoms, and molecular properties such as moments and diamagnetic susceptibility 
were reported. 9  A previous DZ basis SCF study gave a number of molecular 
properties but gave a smaller pair of bond dipoles, with a central atom net charge of 
+0. 1092e) °1  A related study using a series of larger basis sets including double zeta 
+ polarisation (DZP), also introduced configuration interaction, and extended the 
molecular properties to dipole moments and infrared intensities, 1"1 although 
agreement of the IR data with experiment was poor. Among the early Cl studies for 
the ground state of ozone were ones using polarisation functions E121  and another using 
bond functions, between each pair of aioms;'3 ' the latter functions are less effective 
in providing polarisation, since the angular parts are limited to s,p rather than d-type 
functions, and also have the disadvantage in over-emphasising the non-bonded 0... 0 
interaction; an experimental apex angle larger than 1100  implies that the non-bonded 
interaction must be small. It is clear that an apex angle of 60° leading to the cyclic 
form of ozone requires all three interactions to be treated the same, while the open 
form does not. There has been some interest in the cyclic form, 131  but this lies outside 
the present investigation. One of the early MCSCF calculations was a DZ basis set 
study of the geometry)) 141  These and other results will be referred to in the tables and 
text below. 
3.3 The present theoretical methods 
This aspect is discussed in more detail in relation to the excited state studies later; 
however, for completeness, a brief description of the matter is given here. Thus the 
present study used the GVB, CASSCF, MCSCF and MP2 modules to compute 
improved wavefunctions, as described below. 
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Energy (a. u.) 
12 (HOMO) 1a2 -0.4904 13 (LUMO) 2b 1 ' -0.0334 
II 6a 1 -0.5458 14 7a1 +0.2937 
10 02 -0.5668 15 5b2* +0.3376 
9 lb, -0.8087 16 3b 1 +0.4677 
8 3b2 -0.8130 
7 5a1 -0.8522 
6 4a 1 -1.0822 
5 2b2 -1.4645 
4 3a 1 -1.7979 
Table 3.1 Orbital energies and symmetries from the SCF (TZVP) calculation of ozone; 
similar values are obtained for other basis sets. 
In all these studies, the ozone molecule lay in the yz-plane with the central atom on 
the positive z axis, which is also the symmetry axis and the inertial b-axis; the 
terminal oxygen atoms lay in the negative z direction, with the a-axis parallel to the 
nonbonded 0... 0 direction. Many of the experimental values for the dipole and other 
moments are derived from microwave spectroscopic measurements, and hence are 
determined in the inertial axis framework. 
Four basis sets were used in this study. 
A triple zeta valence plus polarisation. (TZVP) set [15,161  containing 60 
contracted basis functions; 
The TZVP basis with a set of [3s2p2d] diffuse functions located on the 
central atom which represent the Rydberg orbitals, which gave 81 contracted basis 
functions; this is generally termed TZVPR for shortness. 
The TZVP basis with an additional set of[lslpld} set of more diffuse 
functions located on each of the 0 atoms; this gave 90 contracted basis functions and 
is denoted as either TZVP+SPD or QZVP for shortness (Quadruple zeta). The 
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exponents of the [isipid] set are 0.3333 of the values for the lowest exponents in the 
TZVP basis set. 
4) 	The QZVP basis with the [3s2p2d] Rydberg functions added, containing a 
total of 111 contracted basis functions (QZVPR basis). 
Since the present Chapter is concerned with ground state properties, the TZVPR and 
QZVPR basis set results are not included. Comparison of the TZVP with TZVPR, or 
QZVP with QZVPR, showed that the Rydberg functions had no influence on the 
molecular properties, a result of these functions having negligible electron density in 
the ground state. 
The GVB method was exemplified for ozone in Chapter 1, and does not require 
further description, (171  except to note that a single 'GVB pair' were used, with both 
the TZVP and the QZVP bases. The CASSCF, MCSCF and CI methods involve 
procedures which require extra description relative to Chapter 1. 
In its ground state, ozone has the following classical electronic configuration: 
[core]2(3a 1 )2(2b2)2(4a 1 )2(5a 1 )2(3b2)2( 1 b 1 )2(4b2)2(6a 1 )2( la2)2 
The core is made up of the three is orbitals of the 0 atoms, which were frozen (FZC, 
'frozen core') for all the calculations, apart from the MP2 calculations. The lowest 
group of virtual orbitals (VMOs) with both the TZVP and QZVP bases are: 2b 1 7a1 
5b2 8al * 3bl* in ascending order of energy. 
These VMOs, which are unoccupied at the single configuration SCF stage (hence 
UOC, 'unoccupied orbitals') were used in the various CASSCF and MCSCF studies. 
The nine other valence-type doubly occupied orbitals (DOC) and their electrons, 
were allowed to vary their occupancy by mixing with the virtual MO's in the 
CASSCF method. Since it is very simple to 'swap' the order of orbitals both within 
the occupied and virtual sets, several sequences of CASSCF and MCSCF 
calculations were performed with exchange of pairs of orbitals in the YMO set, to 
yield differing sets of active orbitals. This stage is necessary, since these two suites 
of programmes require the active set of valence and VMOs to be adjacent in the 
wavefunction. 
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The simplest form of the CASSCF just included the LUMO (2b 1 ) in the calculation, 
and this produced a small CASSCF ofjust 20 configurations. For most purposes, the 
CASSCF module is limited to about 10,000 configurations, when the disc storage 
requirements for some files are also considered. The discs are 2Gb capacity on the 
DEC-alpha (venus.chem.ed.ac.uk ). Thus a compromise had to be achieved to provide 
for these limitations; this was done by varying both the number of virtual orbitals 
included, and also the number of active electrons from the valence set. Thus if the 
CASSCF had 6 'frozen' orbitals (up to 41 2), then with a set of virtual orbitals up to 
8a 1 , a CASSCF dimension of 3564 configurations was produced. in the final 
wavefunction from a CASSCF calculation, the orbitals are stored in order of electron 
density, with the highest density first, not in order of energy, as in the Aufbau 
principle. The CASSCF MO densities are called the Occupation Numbers. This is 
exemplified by the case of a CASSCF or MCSCF calculation on an SCF set of three 
MOs, with permutations allowed into three VMO's. The initial electron density order 
in the SCF calculation would be 2,2,2,0,0,0e; after the CASSCF calculation, each of 
the 2.0 values have decreased and the 0.0 values have increased slightly. The full set 
of computations is shown in Table 3.2 and the results for structural and molecular 
properties in the following Tables. 
CASSCF runs FZC DOC UOC Configurations 
CASSCF-1 ito 3 4 to 12 13 20 
CASSCF-5 I to 3 4 to 12 13 to 15 4067 
CASSCF-2 1 t 6 7 to 12 13 to 16 3564 
CASSCF-3 lto6 7to12 13to17 15436 
CASSCF4 1to6 7to12 13to17* 15416 
MCSCF1# Ito 3 4 to 12 13 to 17 1002462 
MCSCF2# 1 to 6 7 to 12 13 to 18 213544 
MCSCF4# ito 6 7 to 12 13 to 18 213936 
Table 3.2. The CASSCF and MCSCF sets of active orbitals and other features. * denotes 
that the orbital 315 1 (in CASSCF-3) was exchanged with 2a 2 ; for the MCSCF calculations # 
consult the text. 
The MCSCF module has the capacity for a larger number of determinants than the 
CASSCF, but is more difficult to use the wavefunction in CI studies for excited 
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states. Hence it was less suitable for the main investigation. The terminology is the 
same as for the CASSCF module. The results are included for the ground state 
properties here. The largest MCSCF calculation (MCSCF-l) generated over 1 
million determinants, which was considered excessive for subsequent processing of 
the wavefunction. Thus instead of keeping all the valence shell MOs active, the 2s-
orbitals were also frozen; the justification for this is seen from MCSCF-1, where the 
total populations of the 2s electrons were 3a 1 (1.9977), 4a 1 (1.9946) and 2b2 
(1.9974e) respectively. This led to MCSCF-2 to-4 where the difference was in the 
choice of VMOs for the active set. This immediately showed that molecular 
properties such as dipole moments were very dependent upon such an arbitrary 
choice. A common factor in these calculations, which are summarised in Table 3.3, 
was that the population of the 2b 1 MO was relatively constant at a value of 0.25-
0.30e. 
Although these values are rather similar, the relative energies (kjmol') for the three 
series are MCCSF-1: +38, MCSCF-2: +56, MCSCF-3: 0.0; this seems to show that 
the amount of electron correlation recovered by the MCSCF is larger for a1 MOs 
than for b1, which is larger than a 2'MOs in this case. One unexpected aspect is that 
MCSCF-1 is slightly poorer in total energy than MCSCF-4 by 15kJmor 1 , this again 
shows how the 2s electrons are highly localised in the ozone molecule. 
Calculation Orbital population in CASSCF of MCSCF calculation 
2b1 7a1 * 5b2 * 8a1* 2a2 other 
CASSCF-1 0.3434 0.0 0.0 0.0 0.0 0.0 
CASSCF-3 0.2802 0.0635 0.0536 0.0130 0.0 0.0091(2a2*) 
CASSCF-4 0.2465 0.0621 0.0521 0.0141 0.0065 0.0 
CASSCF-5 0.2612 0.0578 0.0671 0.0 0.0 0.0 
MCSCF-1 0.2837 0.0657 0.0563 0.0125 0.0102 0.0 
MCSCF-2 0.3066 0.0583 0.0467 0.0115 0.0049 0.0103 (3b1*) 
MCSCF-4 0.2805 0.0570 0.0471 0.0122 0.0104 0.0094 (9a1) 
rable 3.3 The CASSCF and MCSCF orbital populations at the equilibrium geometry 
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Some of the ground state calculations used a Multi Reference Doubles (and Singles) 
Configuration Interaction (MRD-CI) program, which is within GAMESS-UK. 18201 
The MRD-CI program has a set system for the numbering of orbitals of the molecule 
under investigation; as this numbering system will be used in the following sections 
of this Chapter, some form of explanation is necessary. The CI part of the GAM1ESS-
UK package numbers the orbitals on the basis of their symmetry type, which in C2 
symmetry, gives the order of the representations (1) all a1, (2) all b1, (3) all b2 and 
finally (4) all a2. (Although not important to the results, the MCSCF uses the same 
numbering system). The actual sequence numbers depend upon the basis set being 
used. Thus the TZVP basis augmented with added [3s2p2d] diffuse functions 
(QZVP), gives a total of 33a 1 type orbitals (numbered 1-33), 13b 1 orbitals (numbered 
34-46), 21b2 orbitals (numbered 47-67) and finally 8a 2 orbitals (numbered form 68-
75). When the 3 core orbitals are 'frozen' with 2.Oe occupancy, and 3 core 
compliment orbitals are 'discarded' (0.0e) this gives a total of 81 active orbitals in 
the CI studies. The use of the descriptions 'frozen' and 'discarded' are conventional 
in the MRD-CI module of GAMESS-UK, and always refer to 2.Oe and 0.Oe 
respectively, in this Thesis. Using the above numbering, the electronic configuration 
of the SCF ground state of ozone using the valence and Rydberg basis set is as 
follows: 
[core]2 12472223248234249242682 
The Cl used a multi-reference set of 30 configurations, and carried out a Fletcher-
Powell steepest descents method for the equilibrium geometry. 
3.4 The ground state structure and a comparison with experiment. 
The microwave spectrum (MW) of the ozone molecule has been studied by a variety 
of authors over many years. [2321  The experimental MW values for the structural 
parameters of ozone are all in good agreement with each other, [21-23,321  but not with 
that from an early electron diffraction StUdy.[331  These MW studies have included all 
combinations of 160,17  0 and 180  isotopes in the ozone molecule, [21,29,11]  and hence a 
set of rotation constants to be compared with the present work. The present 
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optimised structures are compared with previous theoretical and experimental values 
in Table 3.4. The values for the correlated methods are in good agreement with those 
of earlier studies and with the experimental values. Variation in basis set from DZP, 
TZVP, QZVP seems to be less important than methodology to the calculated 
geometry. Almost any method which incorporates the LUMO into the active orbitals 
improves the bond length substantially. The GVB and CASSCF results clearly 
improve with increase in number of active MOs, and the MP2 calculations also 
produce good values. Overall the closest values to experiment are from the MP2 CC-
PVTZ (105 basis) calculation, which includes f-orbitals in the basis set, and the 
MCSCF-3 QZVP (90 basis) calculation. However, most of the multi-configuration 
and MP2 calculations are acceptable, while the DFT / B3-LYP and CCSD 
calculations are disappointing. The previous studies shown in Table 3.4 are not a 
complete coverage of even large MCSCF 521, W2 [53]  or multi-reference CI 
calculations, 01 but papers omitted are generally concerned only with total energy, 
and have no comparisons with experiment. 
Method Basis set ri (Angs) a! (Degs) 
SCF TZVP(60 basis) 1.1937 119.32 
SCF QZVP(90basis) 1.1980 119.17 
SCF DZP[8] 1.199 119.2 
Coupled cluster PVTZ (105 basis) 1.1940 119.33 
Multi-configuration studies 
GVB TZVP 1.2504 115.50 
GVB QZVP 1.2480 115.53 
GVB[35] minimal 1.3812 112 
CASSCF-1 TZVP 1.2426 116.05 
CASSCF-1 QZVP 1.2406 116.02 
CASSCF-2 QZVP 1.2855 116.66 
CASSCF-3 QZVP 1.2929 116.30 
CASSCF-4 QZVP 1.2835 116.86 
CASSCF-5 QZVP 1.2895 116.59 
CASSCF QZVP(CC-pVTZ)[54] 1.291 116.6 
MCSCF-1 QZVP 1.2947 116.55 
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MCSCF-2 QZVP 1.2904 116.22 
MCSCF-4 QZVP 1.2883 115.08 
MCSCF[36] TZVP 1.259 116.1 
Other methods 
MP2 TZVP 1.2881 116.97 
MP2 QZVP 1.2915 116.60 
MP2 PVTZ 1.2780 116.81 
Direct CI TZVP 1.2174 118.74 
Direct Cl QZVP 1.2176 118.69 
CISD(TQ) DZP[52] 1.281 116.7 
Quadratic CI 6311G* [42] 1.279 117.0 
DFT/B3-LYP QZVP 1.2576 118.23 
MBPT(2)(4) DZP[43],[46] 
1.293 - 1.297 
116.7- 
117.6 
MBPT(2)(4) ANO(4s3p2d)[51],[61] 1.292-1.307 117.4-117.5 
Xct DZP[37] 1.27 117.5 
CCSD TZVP 1.2556 117.53 
CCSD DZP[43],[46] 1.263 117.4 
CCSD TZ2P+f[48] 1.252 117.5 
CCSD(T) DZP[43],[46] [49] [53] 
1.283 - 1.295 
116.6- 
117.1 
MRCI(10) ANO(4s3p2d)[51] 1.271 116.6 
Experimental 
Microwave spectroscopy [21] 1.278(3) 116.8(30) 
Microwave spectroscopy [22],[23] 1.278(2) 116.7(30) 
Microwave spectroscopy  1.2717 116.47(2) 
Electron diffraction  1.26(2) 127(3) 
Table 3.4 Theoretical structural parameters compared with experiment. 
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3.4.1 Rotational Constants 
The calculated and experimental values for the rotational constants (A, B, C) of 
ozone are shown in Table 3.5. As expected from the above, the values from the SCF 
calculation are particularly poor. Although the absolute errors are large, the error is 
actually less than 1%. The present values are very similar to a previous CAS SCF 
calculation using a DZP basis set. E551  The calculated values are based on the 
equilibrium structure (re) while the experimental values use the substitution structure 
(re). 
Method A (MHz) B (MHz) C (MHz) Reference 
SCF(QZVP) 128834.09 14801.96 13276.59 Present Work 
MCSCF (QZVP) 102251.29 13026.26 11554.30 Present Work 
MP2(TZVP) 104568.51 13091.05 11634.51 Present Work 
MP2 (QZVP) 102944.80 13084.59 11609.05 Present Work 
CASSCF(DZP) 103256 13148 11661 [551 
G\'B-PP 98585 12957 114519 [56][57] 
Microwave 106530.7 13348.3 11835.4 [22] 
Microwave 106530.0 13349.1 11834.3 [21] 
Microwave 106536.12 13349.12 11834.45 [32] 
Table 3.5 Calculated Ground State Rotational Constants 
The values for the other calculations are in much better agreement with experimental 
studies, with the MP2 TZVP values being particularly good in their agreement. The 
addition of the diffuse SPD functions as in the QZVP basis, appears to marginally 
worsen the agreement with experiment, relative to the TZVP basis results. Since a 
number of isotopically labelled isomers of ozone have rotation constants available, 
these are compared with values derived from the equilibrium structure (Table 3.6 and 
Figure 3.1). This allows an overall correlation of the two sets of data to be 
performed, and regression statistics to be extracted from the results. The results in 
Table 3.7 show that the SCF correlation has a very large intercept and relatively low 
slope, while the slope and intercept for the MP2 method when combined with the 
TZVP basis set, gives an almost perfect correlation with the experimental data. 
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Whilst the QZVP basis set might be expected to give the best values, this is not the 
case; possibly due to their more diffuse nature, the added spd orbitals cause the 
bonds to lengthen slightly relative to the experimental data. These diffuse functions 
become important in the excited state calculations in the following Chapter. On 
balance therefore, the TZVP+MP2 calculation seems to give the best agreement with 
experiment. This is tested further by comparison of some additional molecular 
properties. 
Isotopic 
Masses A (MHz) B (MHz) C (MHz) Method 
0=0=0 
123760.21 14801.96 13220.74 SCF 
98214.77 13022.60 11498.04 MCSCF 
100440.51 13087.38 11578.68 MP2(TZVP) 
16/17/16 98880.89 13080.93 11552.63 MP2(QZVP) 
102351.23 13351.16 11781.76 [30] 
102351.09 13350.88 11781.94 [28] 
102351.04 13351.08 11781.72 [29] 
127540.37 14357.82 12905.04 SCF 
101224.99 12635.34 11233.17 MCSCF 
103518.87 12698.19 11310.76 MP2(TZVP) 
17/16/16 101911.53 12691.93 11286.34 MP2(QZVP) 
105490.95 12951.28 11508.03 [29] 
105490.98 12951.10 11508.22 [28] 
105490.96 12951.27 11508.03 [30] 
125178.52 13536.75 12215.74 SCF 
99350.37 11912.77 10637.29 MCSCF 
17/16/18 101601.78 11972.04 10710.04 MP2(TZVP) 
100024.19 11966.13 10687.55 MP2(QZVP) 
103511.76 12210.31 10897.40 [30] 
118006.99 14359.40 12801.66 SCF 
17/18/16 93658.73 12636.71 11134.42 MCSCF 
95781.13 12699.58 11212.87 MP2(TZVP) 
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94293.95 12693.31 11187.33 MP2(QZVP) 
97601.72 12954.27 11408.73 [30] 
121387.56 13959.50 12519.74 SCF 
96343.05 12284.63 10895.36 MCSCF 
16/17/18 98526.04 12345.77 10971.05 MP2(TZVP) 
96996.44 12339.65 10947.00 MP2 (QZVP) 
100388.71 12592.53 11162.88 [30] 
115614.91 13536.38 12117.63 SCF 
91760.09 11912.44 10543.65 MCSCF 
17/18/18 93839.48 11971.71 10617.20 MP2(TZVP) 
92382.44 11965.79 10593.66 MP2(QZVP) 
95622.16 12213.19 10804.88 [30] 
118978.22 13153.73 11844.28 SCF 
94429.03 11575.75 10311.68 MCSCF 
18/17/18 96568.97 11633.33 10382.78 MP2(TZVP) 
95069.47 11627.59 10360.45 MP2(QZVP) 
98393.98 11867.17 10566.25 [30] 
126460.62 13960.33 12572.42 SCF 
100369.27 12285.48 10945.61 MCSCF 
16/16/18 102643.53 12346.52 11020.87 MP2(TZVP) 
101049.97 12340.40 10997.38 MP2(QZVP) 
104569.4 12590.4 11214.6 [22] 
119270.12 14801.96 13167.78 SCF 
94660.69 13026.26 11450.55 MCSCF 
16/18/16 96805.89 13091.05 11531.63 MP2(TZVP) 
95302.71 13084.59 11505.01 MP2(QZVP) 
98642.0 13352.0 11732.8 [22] 
116898.27 13958.70 12469.71 SCF 
92780.14 12283.90 10847.69 MCSCF 
16/18/18 94882.38 12345.05 10923.77 MP2(TZVP) 
93409.37 12338.92 10899.19 MP2(QZVP) 
96676.8 12591.4 11115.6 [22] 
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114488.13 13153.73 11798.21 SCF 
90865.39 11575.75 10267.70 MCSCF 
18/18/18 92924.58 11633.33 10388.98 MP2(TZVP) 
91481.67 11627.59 10316.36 MP2(QZVP) 
94768.2 11886.5 10536.9 [22] 
Table 3.6 Calculated & Experimental Rotational Constants tor Isotopic species ci ozone 
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Figure 3.1 Plots of Experimental versus Calculated Rotational Constants, Parts I to 4 







SCFQZVP 0.9999 0.8184 +1046.0 
MCSCF QZVP 0.9999 1.0444 -225.8 
MP2TZVP 0.9999 1.0190 -0.3077 
MP2QZVP 0.9999 1.0371 -195.9 
Table 3.7 Regression data for Figure 3.1 Parts 1 to 4. 
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3.5. The molecular properties of the ground state. 
3.5.1 The molecular dipole moment. 
The more recent experimental values (Table 3.8) show good agreement [9,17,25,26). All 
of the present data in this Chapter is at the equilibrium geometry of the basis set in 
use, whether the methodology used is SCF, CASSCF, MCSCF or CI methods. 
However, in some cases the Literature values are at the experimental or other 
structures, which are not optimised for the basis set and methodology in use. By 
symmetry, the only non-zero component of the dipole moment for ozone lies along 
the z- (or b-) direction. A comparison of the experimental and calculated values for 
the dipole moment of ozone can be seen in Table 3.8. The terms in parentheses are 
the appropriate Author's errors given for the last digit shown. There is no agreement 
on the orientation of the molecule in the x,y,z-system. Previous values have been 
reoriented to the present system. 
One of the first ab initio studies of ozone contained detailed discussion of both the 
ground and excited states, [34]  and included discussion of several configurations which 
in principle contribute to the ground and to excited states. Much of this material is 
discussed in later Chapters, however, the paper calculates the dipole moment as 
0.58D, with the positive end on the central atom, E34]  which compares well with most 
later results and with experiment. In that study 341 although the molecule lies in the 
yz-plane, the symmetry axis was chosen as the y-axis; thus the symmetry orbitals b1 
and b2 have been interchanged to convert to the current practice. In another type of 
study, MCSCF wavefunctions were obtained for both the open (ozone) and closed 
forms of 03. More recently, various Authors have reported sets of dipole moments 
derived by various GVB, CASSCF and MCSCF methods. E35371  The results are very 
variable, and generally cover the range 0. 1-0.8D. 38 '39 In general, small GVB or 
CASSCF methods are better than SCF alone, but insufficient to give good agreement 
with the experimental value. [401  
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The best value obtained in this study is the CASSCF-3 calculation with a value of 
0.5333 Debye, but the CI and M1P2 calculations are also relatively close. 
Method Basis set Dipole moment 
SCF values 
RHF TZVP 0.9059 
RFIF TZVP+SPD 0.8517 
RHF CC-PVTZ 0.8665 
RHF Minimal [18] 0.58 
Multi-configuration methods 
GVB TZVP 0.2106 
GVB QZVP 0.2724 
GVB DZP[38] 0.317 
GVB(2-configuration SCF) TZ+2P[40] 0.232 
*MCSCF4 QZVP 0.4010 
*MCSCF2 QZVP 0.4143 
*MCSCF4 QZVP 0.5215 
MCSCF DZP 0.507 
CASSCF DZP [21] 0.537 
CASSCF-1 TZVP 0.3241 
CASSCF-1 QZVP 0.3731 
*CASSCF2 QZVP 0.6090 
*CASSCF...5 QZVP 0.5512 
*CASSCF..3 QZVP 0.5334 
*CASSCF4 QZVP 0.6451 
CASSCF TZ2P[38] 0.536 
CI TZVP 0.5894 
Cl TZ21?[40] 0.210 
*MP2 TZVP 0.4307 
*MP2 QZVP 0.4701 
MP2 CC-P VTZ 0.4637 
MBPT(2)-(4) TZVP+2D[50] 0.4926-0.5538 
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CASPT TZVP+2D[50] 0.5429 
CCSD TZVP 0.8711 
CCSD TZ2P+f [48] 0.60 
DFT[47] DFT 0.6209 
DFT B3-LYP 0.6678 
minimal basis STO-3G 0.484 
Experimental methods 
Microwave spectroscopy [10][1 1] 0.58(5) 
Microwave spectroscopy [9] 0.53(2) 
Microwave spectroscopy [17] 0.5324(24) 








Table 3.8 Calculated and experimental values for the dipole moment of ozone (Debye). 
The reason for the difficulty in calculating the dipole moment accurately, is seen in 
Table 3.9; the data shown relates to a MP2 calculation, but similar numbers are 
obtained from the other calculations; the intrinsic value for a particular orbital 
assumes 2.Oe to be present. Clearly the values differ considerably both in sign and 
magnitude. In the CASSCF, MCSCF and MP2 calculations, these MO values are 
multiplied by the occupation number of the orbital. In the more extended CASSCF, 
MCSCF and MP2 calculations, where all electrons are active, orbitals ito 12 do not 
have exactly 2.Oe occupation, varying from almost 2.Oe in the core electrons to 
around 1.9e in the outer valence region. In the SCF calculation the orbitals either 
have an occupation of 2.0 (orbitals 1 to 12), or 0.0 (orbitals 13 onwards); therefore 
the SCF calculation ignores the importance of orbitals 13 onwards. 




1 la1 0.33974 1.9996 
2 lb2 0.42720 1.9996 
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3 2a1 -0.76683 1.9996 
4 3a 1 -0.32551 1.9876 
5 2b2 0.25344 1.9824 
6 4a 1 -0.74569 1.9782 
7 5a1 0.48502 1.9768 
8 lb, -0.51903 1.9709 
9 3b2 0.49016 1.9672 
10 6a 1 0.13033 1.9518 
11 02 -0.04701 1.9327 
12 HOMO 1a2 0.38978 1.8553 
13LUM0 2b 1 0.16856 0.1440 
14 5b2 -0.34162 0.0468 
15 7a 1 0.03678 0.0457 
16 8a1 0.66417 0.0225 
17 6b2 -0.31694 0.0164 
Table 3.9 Dipole moment elements for each MO (MP2 QZVP calculation) 
3.5.2 The atomic orbital populations 
The results in table 3.10 show very similar results to those of the Literature. The 
central 0-atom is slightly positive in all calculations, and the Mulliken population is 
increased slightly when the SCF wavefunction is replaced by CASSCF, MCSCF, 
MP2 etc. In addition, the AItvIPAC values are similar to the Mulliken values, but 
lead to much smaller bond dipoles The important thing to note here is that the two 
QZVP basis set coupled with the MCSCF-1 active set are analysing the same 
wavefunction. Thus direct integration of the wavefunction does lead to slightly 
different polarities, to the Mulliken charges. This point was discussed in Chapter 2. 
Basis set 	Methodology 	Centre 0 atom Terminal 0 
atom 
Mulliken analysis 
T 	SCF 	 7.65553 	8.17224 
E-11 
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CC-PVTZ SCF 7.63170 8.18415 
TZVP MP2 7.81768 8.09116 
QZVP MP2 7.78152 8.10924 
CC-P VTZ MP2 7.79060 8.10470 
TZVP CCSD 7.69781 8.15109 
TZVP CASSCF-1 7.87526 8.06237 
QZVP CASSCF-1 7.85231 8.07384 
QZVP CASSCF-2 7.74365 8.12817 
QZVP CASSCF-5 7.77793 8.11104 
QZVP CASSCF-3 7.78560 8.10720 
QZVP CASSCF-4 7.73455 8.13274 
QZVP MCSCF-1 7.81727 8.09137 
QZVP GVB 7.88992 8.05504 
LOwdin Populations 
QZVP MP2 7.95084 8.02458 
AIMPAC 
QZVP MCSCF-1 7.94617 8.02669 
Table 3.10 The electron distribution as determined from the wavefunctions by Mulliken, 
LOwdin and AIM populations. 
3.5.3 Second Moments 
The MW experimental values 1271  for the second moments of the electronic charge 
distribution (Table 3.11) have very large associated errors. The MBER results only 
give the anisotropies of the terms, ie the differences between pairs of terms. [2'1 The 
Authors then derived a set a values by assuming a value for one term. The 
assumption seems to be valid, by comparison with the present results, and there is 
generally good agreement between the vlues obtained from the various methods. 
Method xx (it, cc) yy (aa) zz (bb) 
SCFTZVP 2.9963 20.8157 5.2238 
SCFQZVP 3.0347 20.7157 5.2356 
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3.0176 22.9194 5.8270 
94p2QZ'JP 3.0809 22.8927 5.8886 
CASSCFTZVP 2.9519 21.4100 5.6212 
*CASSCF1 QZVP 2.9442 21.4101 5.6213 
*CASSCF2 QZVP 3.0092 22.6879 5.7601 
*CASSCF3 QZVP 3.0242 22.8062 5.8213 
*CASSCF.4 QZVP 3.0242 22.6863 5.7442 
*CASSCF.5 QZVP 3.0010 22.7825 5.7261 
*MCSCF1 QZVP 3.0212 22.8604 5.7887 
*MCSCF..2 QZVP 3.0246 22.7196 5.8292 
*MCSCF4 QZVP 3.0244 22.3550 5.8894 
CCSDTZVP 3.0461 22.1464 5.5478 
DFT / B3-LYP 3.0637 22.2556 5.5795 
SCF [10] 3.07 22.57 5.66 
Experimental methods 
MBER [25] (3.07 ass.) 22.54 5.87 
MW [27] 3.2(12) 25.7(12) 5.4(12) 
Table 3.11 Comparison of experimental and calculated Second Moments 
As Table 3.11 shows the values for the second moments obtained in this study are in 
good agreement with those obtained experimentally by Pochan et al. E3  The 
calculations using the TZVP+SPD basis have the closest agreement of all, with the 
MP2 calculation having the best agreement of all. The signs for the calculated results 
have been changed to make the Table consistent. 
3.5.4 Quadrupole Moments 
The experimental MW results for the molecular quadrupole moment 311 and some 
other molecular properties determined in the presence of a magnetic field, were 
subsequently shown to be in error. Thus, comparison of theoretical values with 
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experimental values for SO2 suggested that theory was capable of obtaining accurate 
values. 10 ' 4 This led to major revision of the experimental data for ozone.' 
However, the experimental values still have large error bars (10-20%). Thus Q 
could be as large as -1.55, and Q13b  could be as low as + 1.95 from the experimental 
data. Since the quadrupole moment is a traceless tensor, (Q + 	+ Q = 0), the 
errors quoted operate in opposite directions for Q and  Q. 
The 'principal quadrupole moment' is the element with largest magnitude (Q), in 
the sense I Q I I Qyy  I I Q. 1 . Most of the theoretical data (Table 3.12) finds Q = 
Q; namely the out-of-plane value is the largest element, and the sign is always 
positive. Qyy is negative in all except the CCSD calculation, and except for the DFT 
value is always aligned with the a-axis. The magnitude of Q... Qbb  is small and 
negative, except as in the CCSD calculation. The CCSD(T) results seem to bring its 
results more in line with the other theoretical values, but magnitudes are too small. 
Overall, from the present data, the best general fit is the MP2 data, but the uneven 
values for the MCSCF calculations show that selective use of the MCSCF could be 
used to generate fortuitous agreement with experiment. All the CASSCF values 
generate magnitudes too small for Qbb. 
Method Q Qbb Q 
SCF TZVP -1.8075 -0.3260 2.1335 
SCF QZVP -1.5055 -0.2253 1.7308 
MP2 TZVP -1.9750 -0.4215 2.3965 
MP2 QZVP -1.5224 -0.5068 2.0293 
CASSCF-1 TZVP -2.4187 -0.1144 2.5331 
CASSCF-2 QZVP -1.7629 -0.2766 2.0395 
CASSCF-3 QZVP -1.5618 -0.2613 1.9132 
CASSCF-4 QZVP -1.7965 -0.2246 2.0211 
CASSCF-5 QZVP -1.8635 -0.0594 1.9229 
MCSCF-1 QZVP -1.3752 -0.3759 1.7510 
MCSCF-2 QZVP -1.5740 -1.1703 1.9604 
MCSCF-4 QZVP -1.2769 -0.4966 1.7735 
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CCSD TZVP -2.5836 +0.4250 2.1586 
CCSD(T) TZVP -1.1696 -0.2497 1.4193 
DFT B3-LYP -0.0728 -1.9659 2.0387 
MBPT(2)-(4)[50] TZVP+2D -1.528 -0.381 1.908 
CASPT[50] TZVP+2D -1.557 -0.350 1.907 
CI-SD (ED)[41] TZ+2P -1.5869 -0.1487 1.7356 
CI-SD(EV)[41] TZ+2P -1.7043 0.0502 1.6541 
CASSCF[41] TZ+2P -1.0290 -0.7393 1.7683 
SCF [28] -2.14 0.36 1.78 
MW [31] -17. 1(52) 9.2(47) 7.9(79) 
MBER [44] -1.37(18) -0.80(13) 2.17(22) 
MBER [45] -1.39(16) -0.90(21) 2.09(21) 
Table 3.12. Comparison of experimental and calculated Quadrupole Moments (units of 10 ° 
esu.cm2) 
17Q Nuclear Quadrupole Coupling Constants 
A comparison of the present and previous theoretical values and experiment are 
shown in Table 3.13 and 3.14. The conversion factor from electric field gradient (in 
a.u.) to NQCC in MHz is la.u. = 6.05727 MHz. The microwave spectral results are 
in the inertial axis framework, and the values of the NQCC at the central 0 atom are 
already in the electric field gradient principal axis (EFG-PA). However, this is not 
true for the terminal 0 atoms, so the IA data relates to the structure which does not 
lie symmetrically with respect to the co-ordinate axes, except where there is double 
170 incorporation of the terminal 0 atoms. Thus the spectroscopic procedure to 
convert to the EFG-PA results, is by making assumptions about the direction of the 
tensor, for which the most common approximation is to assume one element lies 
directly along the 0-0 bond axis. In theoretical study, the inertial axis data and the 
EFG-PA results are immediately available, since the components along the co-
ordinate axes correspond to the IA framework values, while the diagonalised tensor 
elements are the EFG-PA values. 
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The off-diagonal field gradient (and NQCC) terms for the central 0-atom are all 
zero, and hence are not shown in Tables 3.13 and 3.14. In the case of the terminal 0- 
atoms, one off-diagonal element remains, namely < yz> = <ab >, but is not included 
in the Tables 3.15 and 3.16, but is included in the MO contribution list in Table 3.17. 
3.5.5.1 The 17  quadrupole coupling at the central 0-atom 
There is good agreement between the two sets of MW data 28 ' 29 , but the errors are 
still comparatively large for the smallest element 	The theoretical data shows 
the SCF results are remarkably poor, and although the MP2 study leads to an 
improvement, the results are still very poor. Only when electrons are directly inserted 
into the MOs by CASSCF or MCSCF methods do the results really improve. 
Method X. (MHz) Xbb (NM) X. (MHz) Asymmetry 
parameter 
SCF TZVP -14.8734 +6.4008 +8.4726 0.1392 
SCF QZVP -14.8506 +6.4021 +8.4484 0.1378 
MP2TZVP -11.6333 +4.9227 +6.7105 0.1537 
IvIP2QZVP -11.3504 +4.5559 +6.7944 0.1972 
CASSCF-1 TZVP -10.6732 +8.7791 +1.8940 0.6451 
CASSCF-2 QZVP -8.9103 +7.6851 +1.2251 0.7250 
CASSCF-3 QZVP -9.4263 +7.2651 +2.5213 0.4650 
CASSCF-4 QZVP -8.6194 +8.1350 +0.4844 0.8876 
MCSCF-1 QZVP -9.4578 +7.0052 +2.4525 0.4814 
MCSCF-2 QZVP -9.6988 +7.1613 +2.5413 0.4763 
MCSCF-4 QZVP -9.5038 +7.0540 +2.4497 0.4845 
CCSDTZVP -5.9330 +14.1342 -8.2013 0.1605 
DFT / B3-LYP -7.8091 +10.0862 -2.2771 0.5485 
Experimental [29] -8.481(75) +7.524(49) +0.958(81) 0.774 
Experimental [28] -8.52(8) +7.46(8) +1.06(8) 0.751 
Table 3.13 Experimental and calculated "0 NQCC (MHz) at the central oxygen atom. 
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The reason for this can be analysed by reference to the contribution of both the nuclei 
and the electrons from the individual MOs in ozone (Table 3.14). The total 
contribution is the sum of the electronic and nuclear terms. This is exemplified by 
the QZVP + MP2 calculation, but similar figures occur in the other calculations. The 
EFO contribution of the nuclei is almost the total of the combined electronic and 
nuclear terms for the out-of-plane (c-axis) direction, and leads to a large positive 
value for the NQCC, using the conversion factor of 6.02MHz/a.u. In the near 
cancellation of the electronic terms, only 4 MOs make a major contribution, and in 
particular, the HOMO (12) makes a very small contribution; this is because the 1a2 
orbital is nodal at the centre 0-atom. Also, the core orbitals 1-3 have almost no 
contribution to make, and this is because the EFG is measured by asymmetry at the 
nucleus in question, and hence s-orbitals which are spherical have no contribution. 
Thus p-orbitals are critical in the electronic term. The p-type valence orbitals 
especially lb, (MO 8) with totally It-character, have by far the largest effect. The 
VMOs, with just 13 and 14 shown, make much larger contributions per electron, 
although the effect is reduced by their low occupancy (0. le). Thus the balance 
between the occupied orbitals by CASSCF and MCSCF is important, since the 
orbitals are modified in the multi-configuration process. The CASSCF-2 calculation 
(Tables 3.13 and 3.14) provides just the right balance for the electronic term to be 
nearly correct with respect to the MW results. 
The QZVP + MP2 calculation 
EFG and NQCC 
contribution 
Symmetry <aa> <bb> <cc> 
nucleii (a.u.) -1.28963 0.18895 1.10069 
electrons (a.u.) -0.58420 0.563 18 0.02102 
total(a.u.) -1.87384 0.75213 1.12170 
MO contribution 
per electron 
1 1a 1 0.07544 -0.01097 -0.06447 
2 lb2 0.08068 -0.01182 -0.06886 
3 2a1 0.00495 0.00013 -0.00509 
4 3a1 0.02191 0.06509 -0.08699 
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5 2b2 0.23600 -0.09964 -0.13636 
6 4a1 -0.51148 1.01891 -0.50743 
7 5a1 0.03776 0.05976 -0.09752 
8 lb, -1.44223 -1.46527 2.90750 
9 3b2 0.07646 -0.00493 -0.07153 
10 6a 1 -0.79010 1.67325 -0.88314 
11 02 1.85780 -0.90451 -0.95328 
12 1a2 0.05351 -0.01961 -0.03390 
13 2b 1 -0.54120 -0.59083 1.13203 
14 5b2 4.89124 -2.43248 -2.45876 
15 7a 1 -1.28774 2.53648 -1.24874 
16 8a1 -0.38599 0.86677 -0.48078 
The QZVP + CASSCF-2 calculation 
nucleii (a.u.) -1.30940 0.19317 1.11623 
electrons(a.u.) -0.16160 1.07557 -0.91398 
total(a.u.) -1.47100 1.26875 0.20225 
The QZVP + SCF calculation 
nucleii (a.u.) -1.28727 0.19625 1.09103 
electrons(a.u.) 0.36878 2.09298 -2.46177 
total (a.u.) -0.91849 2.28922 -1.37074 
Table 3.14 The contributions of the nuclei and electrons to the EFG at the central 0-atom, 
using the QZVP basis set with (a) the MP2, (b) the CASSCF-2 and (c) the SCF 
wavefunction. 
3.5.5.2 The 17  quadrupole coupling at the terminal 0-atoms. 
The effect of the change of a terminal 160  for 170  in ozone has a very small effect 
(about 2%) on the rotation constants. E 291 Thus there no need to recalculate the inertial 
axis contributions in the calculations, and the values given are in the 'global co-
ordinate' system, which has the C2v symmetry of the triple 160  molecule. The same 
considerations in relation to the relative proportions of the nuclear and electronic 
terms apply to the terminal 0-atoms. The best agreement with experiment (Table 
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3.15) is provided by the CASSCF-2 calculation, while as in the central 0-atom 
situation, an average of the CASSCF-3 and CASSCF-4 calculations would be 
marginally better still. Again the SCF results are extremely poor, while MP2 leads to 
a much better set of element values, but not as good as the CASSCF ones above. 
Method Xaa Xbb Xcc Asymmetry 
parameter 
SCFTZVP -16.0452 +21.1574 -5.1123 0.5167 
SCFQZVP -15.9440 +21.0562 -5.1117 0.5144 
MP2 TZVP -5.6934 +11.4662 -5.7728 0.0069 
MP2QZVP -5.3703 +11.1304 -5.7602 0.0350 
CASSCF-1 TZVP -6.4482 +11.6548 -5.2066 0.1065 
CASSCF-2QZVP -6.4466 +11.2181 -4.7716 0.1493 
CASSCF-3 QZVP -6.2768 +11.2752 4.9984 0.1134 
CASSCF-4 QZVP -6.6142 +11.1009 -4.4867 0.1917 
CASSCF-5 QZVP -6.9232 +11.2274 4.3043 0.2333 
MCSCF-1 QZVP -6.5468 +11.6193 -5.0725 0.1269 
MCSCF-2QZVP -6.5526 +11.5838 -5.0312 0.1313 
MCSCF-4 QZVP -5.7943 +10.8051 -5.0109 0.0725 
CCSDTZVP -8.1769 +12.6246 -4.4567 0.2947 
DFT/B3-LYP -7.3950 +11.7877 4.3828 0.2555 
Experimental [29] -6.473(92) +10.911(53) -4.438(65) 0.1865(30) 
Experimental [28] -6.44(11) +10.87(10) -4.44(10) 0.1840(20) 
Table 3.15 Experimental and Calculated '0 NQCC (MHz) in the inertial axis framework at 
the terminal oxygen atoms. 
Whereas the central 0-atom values for the quadrupole coupling constants are already 
in the EFG-PA system, because of the C2y symmetry, this is not the case for the 
terminal 0-atoms. The values for the diagonalised tensor elements are shown in 
Table 3.16. 
The values for the EFG-PA at the terminal oxygen atom (Table 3.16) show that the 
largest component, which is close to the 0-0 bond direction, lies away from the 
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bond by about 2°, with a negative value indicating a direction away from the other 
terminal 0-atom. 






CASSCF-1 TZVP -5.2067 -15.5161 +20.7227 0.4975 -1.9598 
CASSCF-2 QZVP -4.7716 -14.4429 +19.2144 0.5033 +2.3526 
CASSCF-3 QZVP 4.9984 -14.4034 +19.4017 0.4848 -2.4884 
CASSCF-4 QZVP -4.4867 -14.5750 +19.0617 0.5293 -2.4603 
CASSCF-5 QZVP 4.3043 -15.1730 +19.4772 0.5580 -2.5018 
MCSCF-1 QZVP -5.0725 -14.5494 +19.6219 0.4830 -2.7823 
MCSCF-2 QZVP -5.0133 -15.2020 +20.2937 0.5042 -2.2268 
MCSCF-4 QZVP -5.0110 -15.0076 +20.0185 0.4994 -1.6031 
MP2 TZVP -5.7728 -12.3297 +18.1024 0.3622 -3.6770 
IvlP2 QZVP -5.7602 -12.0244 +17.7845 0.3522 -3.5049 
CCSD TZVP 4.4567 -17.7860 +22.2426 0.5993 -1.8824 
DFT/B3- 
LYP 
QZVP 4.3828 -15.1950 +19.5878 0.5520 
Table 3.16 The principal electric field gradient axis 1(0  nuclear quadrupole coupling 
constants (MHz), marked with their directions it, tangential to the 0-0 bond (T) or close to 
the bond axis (B). Positive values for the angle ö show the EFG-PA lies towards the 
nonbonded 0 atom. This is shown for one of the calculations in Figure 3.2. 
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Figure 3.2 A pictorial representation of the quadrupole coupling constants of ozone at the 
terminal 0-atom. 
As with the central 0-atom, the contributions to the field gradient at the terminal 0-
atom vary greatly with the MO involved (Table 3.17). In contrast to the central 0-
atom, the contribution of the it-orbital lb, is small, whereas that of the HOMO, also 
a it-orbital, Ia2 is now large; this reflects the high electron density at the terminal 0-
atoms in 1a2. The total contributions (Table 3.17) show that in these atoms the 
nuclear term is dominant in the <aa> term, since the electronic term (<bb>-<cc>) is 
nearly zero. 
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The QZVP + MP2 calculation 
EFG and NQCC 
contribution 
Symmetry <aa> <bb> <cc> <ab> 
nucleii (a.u.) -0.86821 0.20617 0.66204 -0.73813 
electrons(a.u.) -0.01837 1.63137 -1.61300 -1.31109 
total (a.u.) -0.88658 1.83753 -0.95096 -2.04922 
MO contribution 
per electron 
1 1a1 0.0191 -0.0072 -0.0118 0.0065 
2 lb2 0.0142 -0.0066 -0.0075 0.0000 
3 2a 1 0.0760 -0.0114 -0.0646 0.0859 
4 3a1 0.0458 0.00819 -0.0539 0.0512 
5 2b2 0.0360 -0.0003 -0.0357 -0.0071 
6 4a -0.0516 0.1527 -.01011 -0.0199 
7 5a1 -0.5304 1.3537 -0.8233 -0.7481 
8 lb, -0.1368 -0.2013 0.3382 0.0533 
9 3b2 0.0312 0.9194 -.09506 -1.3422 
10 6a 1 0.6159 -0.1831 -0.4328 0.5058 
11 4b2 0.8418 -0.2226 -0.6192 0.7547 
12 1a2 -0.9496 -0.9665 1.9161 0.0018 
13 2b1 -1.2967 -1.3220 2.6187 0.0111 
14 5b2 0.0036 0.8412 -0.8448 1.1723 
15 7a1 2.1096 -1.0064 -1.1031 0.5139 
16 8a 1 -0.6705 2.1246 -1.4541 -1.6180 
Table 3.17 Contributions made by the QZVP MP2 optimized molecular orbitals to the electric 
field gradient at the terminal 0-atom 
3.6 Infrared Frequencies 
The experimental infrared spectrum has been studied at high resolution by 
conventional and Fourier Transform methods, over many years, 162 and this has led 
91 
Chapter 3 Ozone 
to both the band origins (vi ,v2, v3 ) being determined with great accuracy, and also 
some correction leading to the 'experimental harmonic' frequencies. [621  The last 
terms are the most appropriate to compare with calculated data, as in Table 3.18. The 
high resolution studies have also been applied to several combination and overtone 
bands, 63 ' including v 1 + v3, vi + v2 + v3 and 2v2 bands. The importance is that this 
has allowed firm assignments of the individual lines of both the far-infrared and 
microwave spectra to be analysed in terms of an 'anharmonic oscillator' and then to 
obtain the anharmonic constants, 63 'M for the potential energy surface. 
There is a lack of consistency in the labelling by symmetry for the vibration 
frequencies of ozone. In the present work, the frequencies are A 1 v1 and v2 with B2 v3; 
papers with no symmetry assignments are omitted, and other designations are 
converted to the above system. Figure 3.3 shows the movement of the atoms for the 
three fundamental vibrational frequencies for the ozone molecule, the arrows only 
give an indication of the general direction that the atoms move in, and can be 
expressed differently. 5 ' 
Much of the early theoretical work on vibration frequencies has been 
summarised, 40 '521 and the results show that at the 2 configuration level each 
frequency rises as the basis set is increased in size. However, this seems somewhat 
fortuitous, since more rigorous methods show that the antisymmetric stretching 
frequency (B2) can be widely different in differing methods, and indeed lead to an 
imaginary frequency. 43'5 11  Some cases where there is good agreement between the 
experimental frequencies and calculated ones [491  are where the equilibrium structure 
is not in good agreement with experiment. E521  A summary of many of the theoretical 
and experimental studies is shown in Table 3.18, but there are frequently several sets 
of results in many papers, so the Table is not a complete survey. 
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Figure 3.3 The Movements of the Atoms in the Fundamental Vibration Frequencies of 
Ozone; (a) 1 a 1 (vi ) 2a1 (v2 ) 1 b (v3) 
Method v1 (A 1 ) v2 (Al) v3 (B2) 
SCF CC-PVTZ 1536.83 1420.58 867.53 
SCF631G*[42] 1538 849 1454 
SCF DZP[43] 1547 859 1428 
SCF cc-pvtz 1536.83 867.53 1420.58 
2 confign. SCF TZ+2P [40] 1180 778 1495 
GVB-1 1174.89 792.04 1475.74 
MP2cc-pvtz 1173.94 750.24 2215.27 
CASSCF TZVP 989.23 694.70 1065.88 
CASSCF QZVP 1025.60 699.50 1084.82 
CASSCF DZP [38] 1050 684 928 
CASSCF[46] 1135 716 1089 
MCSCF-3 TZVP 1055.63 689.34 973.32 
CASSCF[51] 1153 705 1032 
CISD(T) 6-3 1 G(2d)[42] 1129 707 964 
MBPT(3)[51] 1378 731 1861 
MBPT(4)[51] 1036 692 1358 
MBPT(2)[43] 1167 740 2368 
MBPT(4)[43] 1123 695 1547 
CCSD+ T(CCSD) [43] 1097 685 128i 
CCSD(T)[48] 1152 717 1057 
CCSD(T)[49] 1141 705 1077 
CISD(TQ)[52] 1166 716 1138 
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MRC110[51] 1176 701 1057 
CCSD(T) cc-pVDZ [53] 1118 704 977 
CCSD(T) aug. cc-pVQZ [53] 1168 724 1077 
CCSD(T) cc-pCVTZ [53] 1158 720 1062 
CCSD(T)-2 [46] 1158 712 1182 
CCSD(T) [49] 1129 703 976 
Exptl. Harmonic [62] 1134.9 716.0 1089.2 
IR uncorrected [63] 1103.13728(2) 1042.08398(2) 
IR uncorrected [65] 1103.157 1042.096 
IR uncorrected [64] 701.42 
Table 3.18 Calculated & Experimental Infrared Frequencies (cm) 
GAMES S-UK has both an analytical method of determining the force constants, and 
a method based on finite differences. In both cases, the equilibrium structure is 
determined, and the methods proceed with that wavefunction and structure. In the 
first case (RUNTYPE = INFRARED), the second derivatives of the energy are 
determined to evaluate the force constants directly. This is the preferred procedure, 
but has the disadvantage that some intermediate data files can exceed the disc 
capacity of the computer used, if only 2Gb discs are available. The second method 
(RUNTYPE = FORCE), the atoms are moved by 0.00 la.u. in each co-ordinate 
direction and the energy re-evaluated. This leads to the force constants as energy 
derivatives; the advantage is that no large files are produced, but that there is an 
element of arbitrary character in the 'finite differences' used, and also that a set of 
calculations have to be performed for each co-ordinate movement. The results are 
generally nearly indistinguishable, leading to differences in vibration frequencies of 
less than 1cm 1 . In Table 3.18, the present data is given to 2 decimal places, which 
enables it to be more readily identified, and does not indicate extra precision. 
Both the CASSCF and MCSCF values calculated here agree reasonably well with the 
CASSCF generated by Adler-Golden et al, 1 381  the only significant difference being 
for v3. The present study when compared with those determined experimentally by 
Barbe et al, 621 shows errors of 6 to 10%. 
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The present results follow the trends noted above; both the A 1 frequencies are 
reasonably well determined at almost all levels of calculation, but the B2 anti-
symmetric frequency can be over 100% in error when compared with experiment. 
3.7 Conclusions 
The present results for ozone using the triple zeta valence plus polarisation (TZVP) 
basis set containing 60 contracted basis functions, and a quadruple zeta valence plus 
polarisation (QZVP) basis set containing 90 contracted basis functions, have been 
compared with (a) previous calculations and (b) the experimental spectroscopic data. 
Most of the experimental data is derived from microwave spectroscopy and high 
resolution infrared spectroscopy. 
As demonstrated in previous publications with smaller basis sets, the equilibrium 
structure requires more than one configuration in order to obtain reasonable 
agreement with experiment. Hence all the molecular properties derived from the 
present wavefunctions use one or more of the CASSCF and MCSCF studies. 
For the equilibrium structure, almost all of the CASSCF and MCSCF present results 
gave slightly larger equilibrium bond lengths than the microwave substitution 
structure, but the differences are very small and typically < 0.02 A; the bond angle is 
very close to experiment in all cases with differences of< 1.00.  The MP2 
calculations followed the same pattern as the CASSCF and MCSCF results, and 
overall for the calculated rotation constants from the equilibrium structures, the MP2 
results are closest to the experimental values, with a linear correlation of 
Xojs = 1.0190 Xcaic  —0.3077 MHz; (X = A,B,C). 
The dipole moment was found to be very sensitive to both methodology and basis 
set, and this was known previously. The experimental value is known with great 
accuracy (0.533747(5) D). Most of the present and previous calculated CASSCF and 
MCSCF results lie in the range 0.4 - 0.713, but the MP2 values are at the low end of 
this range. Thus some of the agreement of particular calculations with experiment is 
probably a result of a balance of errors. 
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The atomic orbital populations show very similar results to those of the Literature, 
with the central 0-atom slightly positive in all calculations. The AIMPAC and 
Mulliken values analysing the same wavefunction, lead to rather different bond 
dipoles, the AIMPAC being nearly nonpolar. 
The MW experimental values for the second moments of the electronic charge 
distribution have very large associated errors. There is generally good agreement 
between the values obtained from the various methods. The 'principal quadrupole 
moment' (Q), in the sense I Q7, I I Qyy  I I Q I leads to the conclusion that Q = 
Q, i.e. the out-of-plane value is the largest element, and the sign is always positive, 
in almost all calculations. 
There is good agreement between the two sets of MW data for the 170  quadrupole 
coupling at the central 0-atom. The theoretical data shows the SCF results are 
remarkably poor, and although the MP2 study leads to an improvement, the results 
are still poor. Only when electrons are directly inserted into the MOs by CASSCF or 
MCSCF methods do the results really improve. The reason for this was analysed by 
reference to the contribution of both the nuclei and the electrons from the individual 
MOs in ozone. Since the total is the sum of the electronic and nuclear terms, the near 
cancellation of the electronic terms for the out-of-plane (c-axis) direction is very 
sensitive to the method. Only 4 MOs make a major contribution, and in particular, 
the HOMO (1a2) makes a very small contribution because it is nodal at the centre 0-
atom. 
The ' 7O quadrupole coupling at the terminal 0-atoms is again very poor at the SCF 
level, much improved by MP2, but again the CASSCF are the most reliable 
theoretical values. As with the central 0-atom, the contributions to the field gradient 
at the terminal 0-atom vary greatly with the MO involved. In contrast to the central 
0-atom, the contribution of the it-orbital lb, is small, whereas that of the HOMO, 
also a it-orbital, 1a2 is now large; this reflects the high electron density at the 
terminal 0-atoms in 1a2. 
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The harmonic frequencies from the present study have been compared with those of 
previous theoretical studies, as well as with experimental frequencies. The 
antisymmetric stretching frequency (B2) is widely different in differing methods, and 
some lead to an imaginary frequency. In some of the cases where there is good 
agreement between the experimental and calculated frequencies, the equilibrium 
structure is not in good agreement with experiment. For ozone, the MP2 method 
produces poor results for all basis sets, while the CASSCF with QZVP produces the 
best agreement with experimentally derived harmonic frequencies. The harmonic 
frequencies from the present study have been compared with those of previous 
theoretical studies, as well as with experimental frequencies. The antisymmetric 
stretching frequency (B2) is widely different in differing methods, and some lead to 
an imaginary frequency. Some cases where there is good agreement between the 
experimental frequencies and calculated ones are where the equilibrium structure is 
not in good agreement with experiment. For ozone, the MP2 method produces poor 
results for all basis sets, while the CASSCF with QZVP produces the best agreement 
with experimentally derived harmonic frequencies. 
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Chapter 4 An ab initlo molecular orbital study of the electronically 
excited and cationic states of the ozone molecule, and a comparison 
with spectral data. 
4.1.1 The electronic spectrum in the far-infrared, visible and through to 
the VUV. 
This Chapter is concerned with the valence states and lower lying Rydberg type 
states of ozone. The most relevant experimental investigations into the higher energy 
vacuum ultra violet (VUV) region of the ozone spectrum, have been by VIJV 
spectroscopy and electron energy loss spectroscopy (EELS). 12' An experimental 
spectrum of the ozone UV+VUV spectrum is shown in Figure 4.1. Expansions of 
more detailed area are shown in Figures 4.2 and 4.3, and a good representation of 
these bands on an energy scale is given in Reference [3]•  Since ozone is usually 
prepared in the presence of oxygen, more recent methods where the spectrum of 
oxygen can be removed by subtraction are a major advance 11] • Much of the early 
MO literature and UV spectral data have been discussed by Herzberg [4]•  In that 
analysis, the ozone molecule is treated as a special case of the bent XY2 system. 
Thus, the outer valence orbitals were assigned to occupancies 
(3b2)2(1b 1 )2(5a 1 )2(4b2)2(1a2)2(6a1)2, and these lead to the lowest 3B, and 'B 1 
excited states with orbital occupancies ... (1a 2)2(6a 1 )'(2b1)'. The UV and VUV data 
were similarly assessed by Herzberg, 141  The full experimental spectrum contains a set 
of triplet states near 1.1-2.0eV, known as the Wulf Band, and the Chappuis Band in 
the region 1.9-3.1 eV, which are not shown in Figure 4.1. These are followed by a 
broad band known as the Hartley Band near 5.0 eV. A considerable amount of 
vibrational structure is observed on the Hartley Band, and some of this on the low-
excitation energy side, is named the Huggins Band (3.54.1eV). The use of isotopes 
has enabled the origin of the Huggins band to be determined, and correct previous 
values, leading to 27123.8cm (3.363eV, 3686.7Ang.) [5,6]  The Huggins band has 
generally been considered to be an excitation from the ground state to a 1B2 state. [7-9]  
In a similar way, variable temperature studies and 1803  compared with 1603  enabled 
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the structure of the Hartley band to be deconvoluted, leading to a band origin of 
32870cm' (4.075eV).' °1 The bands are often described as the A (Wulf), B 
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Figure 4.1. VUV spectrum of Ozone (Energy scale eV, intensity is arbitrary units); the 
marked regions are described later. 
The EELS spectrum of ozone has been studied by various 	Ozone anions 
formed by electron attachment are found at incident energies of about 4eV 14" 51 , and 
these decay to the ground state very quickly. Of more importance to the present study 
are the two broad bands with ranges 1.8 ± 0.2 eV (Wulf) and 2.05 ± 0.05 eV 
(Chappuis); these were assigned to the optically forbidden 'A2 band and 'B, 
respectively, when the spectral conditions were of low residual energy which 
excludes triplet states. In contrast, when the residual energy is high, favouring triplet 
states, the 3B, state relating to the singlet above, was observed, although the 3A2 
state, observed elsewhere at 1.185 eVI 1 11 was not observed in the EELS experiment. 
A recent development is the use of photodetachment spectroscopy, to obtain a more 
complete pattern of the triplet states present in ozone. [16,17]  In this study, the ozone 
anion was produced in the gas phase, by interaction of oxygen gas with O which 
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led to a 'resonance' at 4eV which is also likely to be a short lived anion of ozone. [181 
Anion photoelectron spectroscopy of the 03  species, with ionising lines of very low 
energies (2-6eV) then gives the neutral 03 species in various electronic states. 
[171 The 
x1 ground state is one species obtainedP 6' while the 1 B 1 state which is known 
from the optical spectrum, provides a marker at lower kinetic energy, with a group of 
triplet states in the gap between these. 1171  The assignments of the states, which occur 
in various vibrational states, is not unambiguous, and comparison with previous ab 
initio studies was performed. This gave the final order (and energies/eV) of states [17]  
as X'A, (0.0), 3A2 (1.18) 3B2 (1.30) 3B, (1.45) 1A2 (1.58), where the assignments are 
based on the ab initio studies. The electron affinity (EA) of ozone emerges from the 
energy balance in these studies as 2. 1028±0.0025eV' 6"7 , which provides a further 
measurable to judge the value of reported theoretical studies. Thus Tsuneda et a!1191 
obtained an EA of 2.103eV which is comparatively close to the above, and calculated 
a set of low-lying states with a TZVP basis set, which included diffuse functions, at 
the CASSCF level, followed by multi-reference Moller-Plesset calculation at the 
final equilibrium structure. The results are as follows: 3A2 (1.65), 3B2 (1.71), 3B, 
(1.51), 'A2 (1.88), 'B, (1.97) 'B2 (4.81eV), 1191 These support the photodetachment 
order of the first two states, and are close in value, and are discussed below, with the 
4 	 5 	 8 
Figure 4.2. Expansion of the Hartley Band Region of the Ozone Spectrum (eV). 
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The Hartley Band (Figure 4.2) consists of a strong continuous absorption between 
200-300nm (6.20 - 4.13 eV) with overlying weak structural features, where the 
spacing is irregular. The main band is generally thought to be a valence state of 1 B2 
symmetry (1a22b1); the present study places a weak 'A 1 state at low energy of the 
main 1B2 state. Deconvolution of the system was performed by fitting the main 
envelope to a gaussian function ((A.)) as in Equation 4. 1, and then fitting the residual 
spectrum to a set of vibrational levels, where the symmetric stretching mode and 
bending mode are involved. E71 
E(?)x 10 17 = 1.16 exp[0.001614(A.-254) 2] 	 (4.1) 
The Huggins Band is further weak structure in the range 310-350nm (4.00 - 3.54 
eV), where the two band systems are not one sequence. 171  These studies of the 
Hartley Band together with the Huggins Band, have since been reanalysed, and many 
more lines assigned through greater incorporation of anharmonicity. 20'211 This has 
led to redetermination of the band origins of both states and revised vibration 
frequencies. The Hartley Band has its origin at 32290.5(3 17) cm -1 corresponding to 
4.0034 eV, while the Huggins Band has its origin at 26516.9 (125) cm-1 (3.2876 eV). 
The Huggins Band structure was assigned to a vibrational progression in the 
symmetric stretching frequency and the bending frequency, J201 but the frequencies of 
the vibrations in the two states are quite different, with values (cm') of 927.7 and 
355.5 (Hartley) to be compared with 752.3 and 415.0 (Huggins)) 20'211 
The 7-9 eV region of Bands 2 and 3 in Figure 4. 1, contains two very weak and broad 
bands. 22 Thunemann et al 23 computed a group of four states in this region (eV) 
corresponding to 1B2 (6.87, 4b26a12b, 2), 'B 1 (7.26, 4b2 1a22b 1 2), 1A, (7.34, 4b222b 1 2 
+6a1 22b1 2) and 1A1 (7.60eV, 1a222b 1 2), and these seem to be accepted as the main 
contributors of the 7.2eV broad band.' ] A rather different explanation for these 
regions is given below. 
I[IT. 
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Figure 4.3. Expansion of the 9 to 11.5 eV Region of the Ozone Spectrum. 
An expansion of the complex 9-9.5eV region (Figure 4.3) shows sets of bands which 
were compared with the UV-photoelectron spectral envelope. All seven bands A-I in 
this region (4) were found to be in both spectra, enabling all to be regarded as 
vibrational structure associated with lIP, (6a,') and 1P2 (02"). This leads to the 
conclusion that the lowest Rydberg state at 9.01 (A) eV is 'A, (6a, 3s), 11 and the 
next band (H) at 9.48 eV is then 'B2 (4b2 3s). The 'A 2 (1a2 3s) state was thought to be 
absent owing to it being forbidden in C2v  symmetry. Thus the Region 4 in Figure 
4.3, has been assigned to just two Rydberg states.' 
Using the same arguments, Mason et al attributed the regions 5 and 6 (Figures 4.1 
and 4.3) to be p-type Rydberg states, also related to IP, and 1P2 with origins at 10.08 
and 10.55 eV, and hence two electronic states in total. The differences in relative 
intensities of the bands A-I (4) from the UV-PES were attributed to one or more 
underlying valence states in this region 10-10.5 eVJ 11 The actual nature of the p-type 
bands, 3px 3py or 3pz was not indicated. Assignment of the Band 7 was made to 
vibrational structure similar to Band 4, as 'A, (6a, 4s). 111 It was assumed that the first 
optically allowed transition from JP 3 would be one of the pair 'B 2 (1a2 3px) or 'B, 
(1a2 3py) and that a 6 value close to 0.65 would be appropriate. This would lead to a 
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band near 11.11 eV, with the optically forbidden 'A 2 (1a2 3s) state near 10.48 eV. 
The 3PX  states were thought to lie beyond the spectrum which shows structure up to 
11.2 eV. 111 
4.1.2 The UV-photoelectron spectrum of ozone. 
The first IP, determined by electron impact (El) is at 12.80eV. 14 The early studies of 
ozone in the UV-photoelectron spectral (UV-PES) region up to 21.2 eV (HeI) 124271 
had comparatively modest resolution and oxygen contamination. Thus the vibrational 
spacing and indeed the number of bands in the He(I) spectrum were not agreed, and 
the adiabatic IPs also were different in these investigations. Frost et al125 and 
Brundle1261 observed 4 and 5 bands in the same region of the photoelectron spectrum, 
while Dyke et a!1271 observed 8 bands. Similarly, the question of what symmetry of 
the ionic state vibrational structure belonged to was not agreed. More recent study 
has led to the proposition that three IPs occur in the 12-14eV region. [281  The first 
band shows [28)  a progression of 6 lines, leading to a vertical IP of 12.73eV on the 
fourth line, and an adiabatic IP of 12.43eV from the first line.The second IP is less 
well defined, but 3 lines were observed, leading to a vertical EP of 13.00eV. The third 
IP is more separated, with a vertical IP of 13.54 eV, and again shows a weak set of 
vibrational shoulders. [281 After the 12-14eV region, there is a gap in the UV-PES 
until Bands 4 (16.50eV, a set of 8 vibrational bands) and Band 5 (17.60eV, a set of 5 
vibrational bands). Band 6 found in the Hell UV-PES at 19.4eV, has shoulders at 
19.4 and 20.8eV, while further weak Bands 7-9 were observed at 22.7, 24.1 and 
26.8eV. 1281 A weak band at 15.6 eV, was attributed to a shake-up state. 1281  The 
symmetry assignment of cationic states were also not certain from the early UV-PES 
spectra. More recently, [28]  the angular distribution of the photoelectrons emitted from 
the sample have led to more finn conclusions. First, it was practicable to subtract the 
spectrum of the oxygen molecule from the spectrum of the 03 + 02 mixture. By 
using three different irradiation lines, NeI(16.67eV), HeI(21.22 eV) and HeII(40.81 
eV), it was possible to plot the kinetic energy of the photoelectron usingO = 90° and 
135 0, and use of the equation J0 oc 1 + 1/2 (3/2 sin 20  -1). This immediately shows 
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that the photoelectron Band 3 is different from of either Band 1 or Band 2, but 
similar to that for the 2it8 band of oxygen. E281 The first 3 IPs were thus determined to 
be: 2A, < 2B2 < 2A2 with vertical (adiabatic) IPs of 12.73 (12.43), 13.00 and 13.54 eV 
respectively. 1281  Various theoretical studies have been directed towards the 
assignment of the UV-PES, and some methods which do not use Koopmans' 
theorem are as follows, with the order of states discussed below: the X a method [29] 
performed with minimal basis set MCSCF on the ionic states and including 
some shake-up states using a DZ basis [31]  
4.1.3 Theoretical studies of ozone with particular reference to its 
excited states. 
There have been several previous theoretical investigations into this area of the 
ozone spectrum 23 '32361 , but the present method of study with large scale multi-
reference multi-root Cl has not been applied. The present results will be compared 
with previous theoretical and experimental IJV+VUV+EELS spectra, and are 
focussed on vertical excitation energies, since the ozone molecule will be studied at 
the basis set equilibrium structure, with C2v  symmetric nuclear arrangement. 
Previously reported studies which are concerned with energy surfaces, where 
deformation of the equilibrium structure is involved, are largely excluded from the 
present study. However, some studies have generated surfaces for both the X'A, 
ground and 'B2 states, which allow the generation of a theoretical UV spectrum for 
the Hartley band [371  and Huggins band 135]  in particular. An extension of this 
approach [36,38-391  is the use of multi-reference multi-root CI (as in the present study) 
or CASSCF, to determine the energy surfaces of several excited states, when the C2 
ozone molecule undergoes an asymmetric stretching vibration, with the lower 
symmetry of Cs.  The studies 
[38-40]  showed that avoided crossing of the 'A2 and 'B, 
states were possible under C8 symmetry. These effects are important to the Wulf and 
Chappuis bands. A further study [31 aimed at the interpretation of these bands, 
concluded that the Wulf band was probably arising from the triplet state 3A2 which 
gains intensity through spin-orbit coupling. This was investigated further but with a 
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comparatively small basis set. t411  Thus the results of calculations of the effect of spin-
orbit coupling on the 3B2, 3A2 and 3B 1 states of ozone, are to induce a small amount 
of singlet character on the triplets, while the reverse effect occurs on the 
corresponding singlet states. This seems to improve the likelihood that these triplet 
states are involved in the Wulf band. 4 
Thus there is extensive study of both the ground state and some excited state 
surfaces, and since these are of peripheral relevance to the vertical transitions 
reported here, they will be excluded, except where the results relate to the present 
study, the objective of this study is to investigate by theoretical methods, the lower 
energy portions (0-15 eV) of the ozone VUV spectrum (Figure 4. 1), and to assign the 
principal absorption bands of this spectrum. 
A number of the low lying excited valence and Rydberg states of ozone have been 
calculated, and an attempt will be made to assign these states to the VUV+EELS 
spectrum. Finally a theoretical spectrum will be generated to compare with the 
experimental spectrum, but this will be by nature a broad-brush painting with little 
fine detail, except in the main groupings of excited states of vertical nature. 
4.2 Molecular orbital studies applied to the excited states of ozone. 
The ground state of ozone is C2 symmetry, as described previously. The microwave 
spectrum of ozone [42]  shows an experimental bond length of 1.278A and an 0-0-0 
angle is 1 16.7521 [42]  The electronic ground state configuration of ozone has been 
discussed in terms of the molecular orbitals occupied since the early years of 
molecular orbital theoryt4314451 . Of these studies, the most relevant in current terms 
is that of Fischer-Hjalmars 451 , since this study brought out the importance of doubly 
excited states in the true ozone X'A 1 ground state. The orbital occupancy for the SCF 
ground state is shown in Equation 4.2. 
1a 1 2 lb22 2a 1 2 3a1 2 2b22 4a 1 2 5a 1 2 3b22 lb1 2 02 2  6a 1 2 1a22 	(4.2) 
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Since the three highest occupied orbitals in Eqn. 4.2 have considerable anti-bonding 
character, and three other MOs of similar levels of anti-bonding character are 
available, the importance of these double substitutions was made 451 . 
This same study investigated both the ground and excited states of ozone (although 
only one configuration was used for each excited state), and gave values for the 
strength of the absorption bands. It also gave calculated values for the first 7 vertical 
IPs. In historical order, the next important theoretical study of excited states in ozone 
was of the energy surface and charge distribution at the SCF level, when the 
molecule vanes the 0-0-0 angle. 1461  This was extended by Goddard et a! [47]  by use 
of GVB and CI methods, leading to the calculation of 8 electronically excited states 
below 7eV; this led to assignments for some of the most well-known of the ozone 
bands, attributed to Huggins, Wulf and Chappuis (as discussed below). Goddard et 
ai1481149150 continued these investigations with further GVB+CI studies into singlet 
and triplet states; four such states were predicted below 4eV 48 , but with low binding 
energies in relation to dissociation into 02 + 0, and this led to the prediction that the 
second 'A 1 state was the triangular form of ozone. 1501  Indeed, JNDO calculations 
using the semi-empirical INDO method, were found to predict the equilateral triangle 
form to be more stable than the open form by some 6eV. 491 The open and closed 
forms of ozone were subsequently further studied by Cl methods, and a barrier 
between the (lower) open state and the cyclic form found.E 511 The closed to open 
ozone structure change studied by the UHF method has been reported, but the basis 
set was small and adds little to previous knowledge. f521  However, a detailed account 
of the saddle points for the C2v < --> D3h (cyclic form) has been reported. [53-54]  
The excited states as well as some ionic states of ozone have been studied by the 
SCFXa SW procedure 551 ; the authors note that the results are acceptable for largely 
covalent type excited states, but less satisfactory for higher states than GVB or CI 
calculations. A large MC-SCF calculation of the ozone ground state has been 
reported, but there were no experimental properties calculated which can be 
compared with experiment. 56 . MCSCF calculations have also been performed for 
the triplet and singlet excited states of ozone [57]  and the oscillator strengths 
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determined. A coupled cluster study of low-lying singlet and triplet states calculated 
between 0 and 10 eV showed the same level of agreement with experiment, as other 
Cl studies. [581 
A set of CASPT2 calculations on ozone, [331  using an ANO basis set contracted to 
(4s3p2d1f) gave results for the 5 lowest excited states. These are referred to later. 
One of the most similar investigations to the present study is that by Banichevich et 
al 381 . The primary reason for that work was to determine the energy surfaces for a 
series of electronically excited states, when the symmetry of ozone was reduced to 
Cs and the bond lengths allowed to vary from equilibrium. The basis set was DZ 
(9s5p) contracted to [5s3p], with additional diffuse s,p,d functions located between 
'each pair' of 0-atoms, leading overall to [6s4pld]. Thus the molecule was treated as 
quite strongly bonding across the formally non-bonded atoms. The energies of the 
singlet and triplet states evaluated at equilibrium are compared with the present study 
later. 
4.3 The present investigation of the excited states of ozone. 
All the calculations in this study were carried out on a DEC Alpha AXP 3000 
(venus.chem.ed.ac.uk) using the 'Generalised Atomic and Molecular Electronic 
Structure System' (GAMESS-UK) program [591[601  The ground and valence states 
were calculated using a [5s3p1d] TZVP basis set [61][621  this gave a total of 60 
contracted basis functions. A set of [3s2p2d] diffuse functions were then located on 
the central oxygen atom for the Rydberg calculations, giving a total of 81 contracted 
basis functions, and the CI study was repeated. In a final phase, a set of diffuse 
valence-type AOs were added to the atomic basis set of each 0-atom (the QZVP 
basis) together with a set of Rydberg orbitals on the central 0-atom (QZVPR). Some 
difficulties were experienced with the QZVPR basis set, owing to the mixing of the 
diffuse and Rydberg functions in the MOs making the nature of some of the VMOs 
difficult to determine. This last study is only reported briefly in this Chapter. The 
ozone molecule lay in the yz plane; the central atom lies on the positive z axis (which 
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is also the symmetry axis) and the terminal oxygens lay in the negative z direction. 
Thus it-orbitals lie in the x-direction. 
4.3.1 The active set of MOs used in the Cl study. 
The MRD-CI program has a set system of numbering the orbitals of the molecule 
under investigation. This numbering system will be used in the Results section of this 
Chapter, and is explained here; the same system occurs in the Chapters on the X20 
(where X = halogen) series of molecules. The Cl program groups the orbitals by 
symmetry type (Table 4.1). In C2v  symmetry, the order is (1) a1 (2) b1 (3) b2 and (4) 
a2. The TZVPR basis set is shown in Table 4. 1, but the procedure is exactly the same 
for the other bases. 
TZVPR Orbitals a1 b1 b2 a2 
Frozen core (2.0e) 2 0 1 0 
Discarded (0.0e) 2 0 1 0 
Active MOs 1-33 34-46 47-67 68-75 
SCF occupied 1-4 34 47-49 68 
Table 4.1. The Active set ot MUs tor ozone witri tfle I 1VI' + Kyaoerg (I LVIK) Dasis. 
The core is made up of the three is orbitals of the 0 atoms (1a 1 2 lb22 2a 1 2); these 
were 'frozen' at 2.Oe for all the calculations. The reason for this is that electrons in 
the 0 is orbitals are very much more tightly bound to the molecule than any of the 
others, so it is reasonable to fix the occupancy of the 0 is orbitals to 2.0 electrons for 
all the subsequent calculations, these are then so-called frozen molecular orbitals. 
The other nine occupied orbitals and their electrons were allowed to vary their 
occupancy, and together with the active virtual set, comprise the active set of 
occupied orbitals. Only the core complements, the three highest energy MOs were 
'discarded' (0.Oe in all calculations) from the Cl. The terms 'frozen' and discarded' 
are as used in the MRD-CI module. 
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4.3.2 The wavefunction used in the Cl study. 
In the final wavefunction from a CASSCF calculation, the orbitals are stored, not in 
sequence on an energy basis (the Aufbau principle), but in a density order (with the 
highest density first). The CASSCF MO densities are the Occupation Numbers. For 
example, in a CASSCF calculation on an SCF set of 3 MO's, with permutations 
allowed into 3 virtual MO's, the occupation numbers in the SCF calculation would 
be 2,2,2,0,0,0. After the CASSCF calculation, each of the 2.0 values would be 
decreased and all the 0.0 values would have increased.The CASSCF program 
reorders the orbitals by density, leading to the ordering of the orbitals in the Results 
Section as follows: [Core] 2 1 247  2 2'4 2 49'34 2 48 2 3 2 68 2 . Thus the CASSCF reduces the 
occupancy of MO's 3 more than 4, and 48 more than 49. 
4.4 Results 
The excited states were calculated using a Multi Reference Doubles (and Singles) 
Configuration Interaction program (MRD-CI) [63][64][65]  All the results presented in 
this report for the excited states of ozone are for vertical transitions, thus the 
molecule has not been allowed to relax its geometric configuration either in bond 
angle, or symmetry to unequal bond lengths. Total energies are given in Atomic 
Units (a.u.), while excitation and ionisation energies are in eV, using the appropriate 
X'A1 ground state energy as the reference level. 
4.4.1 Ground state CASSCF calculations for the valence states 
Some of the introduction in this section was given in Chapter 3, but it is included 
here for completeness. The details of the procedure are discussed in more detail in 
the Chapter on the ground state properties for ozone. The SCF wavefunction for 
ozone has the lowest unoccupied molecular orbital (LUMO) with a negative energy 
(Table 4.2), i.e. same sign as the occupied orbitals. Thus this orbital must be included 
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in the SCF active set, to correctly describe the ground state. For the present purpose, 
the SCF was followed by two CASSCF calculations, leading to the results shown in 
Table 4.3. In the CASSCF method all the possible permutations of the active set of 
electrons are allowed between all the active orbitals. There is no distinction made 
between the originally occupied orbitals and the virtual molecular orbitals,(VMO's). 
Only the spin and state symmetry must be observed. The principle problem with 
CASSCF calculations is that the number of determinants rises rapidly with the 
number of active MO's. The dimensions of the calculation refer to the number of 
determinants in the CASSCF calculations. The value for the energy of the present 
SCF calculation is the lowest value yet reported, the previous best values being 











12 (HOMO) a2 -0.4904 13 (LUMO) b1 -0.0334 
11 a1 -0.5458 14 a1 +0.2937 
10 b2 -0.5668 15 b2 +0.3376 
9 b1 -0.8087 16 b1 +0.4677 
8 b2 -0.8130 
7 a1 -0.8522 
6 a -1.0822 
5 b2 -1.4645 
4 a1 -1.7979 
Table 4.2 Orbital Energies ana symmetries Worn me 	i- uaiculatlon 
SCF CASSCF (1) CASSCF (2) 
Total Energy (a.u.) -224.34329 -224.43107 -224.57078 
Bond Length (Ang.) 1.1937 1.2428 1.2924 
Bond Angle (°) 119.32 116.24 116.53 
Dipole Moment (Debye) 0.9059 0.3233 0.5452 
Dimension of calculation 1 20 4067 
Table 4.3. Results of the Ground State Wavefunction Ualculations 
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Table 4.4 The electron configurations for CASSCF(1) and their contribution to the CASSCF 
ground state. 
In the CASSCF(1) run there were three frozen occupied orbitals, nine doubly 
occupied active orbitals and one unoccupied active orbital. The ground state 
wavefunction from the CASSCF(1) calculation (Table 4.4) was made up of twenty 
possible configurations, but few of the configurations make the a significant 
contribution. All the other configurations contributed less than 0.01% of the 
wavefunction. From Table 4.4, the ground state wavefunction has the following form 
(Equation 4.3): 
To = -0.91540 + 0.0643, + 0.0136c 4 + 0.3960 	+ 0.0234, + 0.01624) 1, (4.3) 
The purpose of the CASSCF was to improve the electron distribution in orbital 2b1 
(13) as a prelude to the large scale CI calculation. For the CASSCF(2) calculation 
there were the same number of frozen core and doubly occupied orbitals but this time 
there were three unoccupied active orbitals. The results of the CASSCF(2) 
calculation gave a lower value for the total energy, but it overestimates the bond 
length by about 0.02A. The CASSCF(1) calculation has a higher energy and it 
underestimates the bond length by about 0.02A. For the later calculations of the CI 
ground state, the CASSCF(1) wavefunction was used as the starting point for the CI 
calculation. The second CASSCF computation (CASSCF(2)) generated 4067 
determinants; the two series are compared in Table 4.5. This shows that orbitals 14 
and 15 do not take up much electron density, so it is therefore valid to use the 
CASSCF(1) wavefunction as the starting point for the CI calculations. At a later 
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stage, a much larger CASSCF calculation was performed, and the final reference set 
calculations redetermined. 
Other CASSCF calculations showed that to obtain a better picture of the ground 
state, all the doubly occupied orbitals of the SCF calculation had to be included; this 
meant that nine out of the possible 12 active orbitals allowed by the CASSCF 
program were already chosen. The reason why the CASSCF(1) wavefunction was 
chosen as the starting point for the CI calculations was due to the large number of 
determinants that were generated in CASSCF(2). 
Orbital 
Number 
SCF CASSCF(1) CASSCF(2) 
15 0 0 0.0587 
14 0 0 0.0681 
13 0 0.3436 0.2738 
12 2.0 1.6661 1.7682 
11 2.0 1.9990 1.9530 
10 2.0 1.9996 1.9443 
9 2.0 1.9999 1.9603 
8 2.0 1.9920 1.9911 
7 2.0 1.9995 1.9895 
6 2.0 1.9999 1.9969 
5 2.0 1.9999 1.9976 
4 2.0 1.9999 1.9983 
Table 4.5 Comparison of Orbital Occupancy for two CASSCF calculations. 
As well as performing the above calculations, a Mulliken analysis was also carried 
out on the occupied orbitals to determine the character of the orbitals. The results of 
the Mulliken analysis are in Table 4.6. This shows that there is only a small amount 
of d-orbital character in the molecule, the majority of which is on the central oxygen 
atom (0).  The higher d-character on the central atom than on the terminal oxygen 
atoms (Oe) implies that the small amount of d-orbital bonding on the central 0 atom 
is similar to that in SO2. 
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(0) p (0) d (Oe) S (Oe) p (0) d 
4 45.41 9.80 0.17 16.22 5.81 0.26 
5 0.00 37.07 0.65 20.53 10.39 0.22 
6 3.04 34.75 0.23 11.31 19.48 0.17 
7 5.40 16.96 0.52 0.31 38.22 0.01 
8 0.00 3.16 0.50 0.09 48.03 0.03 
9 0.00 69.38 0.19 0.00 14.94 0.27 
10 0.00 6.48 0.00 29.25 17.41 0.09 
11 36.48 11.42 0.02 20.78 5.16 0.08 
12 0.00 F0.00 0.61 0.00 49.66 0.02 
Table 4.6. Mulliken analysis data for the occupied orbitals. 
4.5 The X1A1 Ground State Cl Calculation. 
The CASSCF(1) wavefunction was used as the starting point; several CI calculations 
were performed; the one with the much larger CI space was made up of all the 
orbitals of the basis set apart from the core and core complement orbitals which were 
frozen. This gave a good value for the Cl energy, though it is not the best that has 
been obtained 2311321 ; this could be due to there being no bond functions in the basis 
set. In both of the Cl calculations for the ground state, as well as the large 
contribution from the SCF configuration, there was also a small contribution from 
another configuration; this was a double excitation from the highest occupied (a2) 
orbital to the lowest unoccupied (b1) orbital (1a 22-*2b 1 2), as anticipated from the 
negative value for the energy of the LUMO, orbital 2b 1 . 
The ground state CI wavefunction has the following form (Equation. 4.4): 
To  = 0.9009 5cF - O.29871 2 , 	 (4.4) 
118 
Chapter 4: Ozone Excited States 
4.6 The Ionic States and comparison with the UV-Photoelectron 
Spectrum. 
Previous studies have indicated that the order of ionic states is not the same as that 
predicted by Koopmans' Theorem (1P 1 = -el where F. is the orbital energy). This was 
investigated with the TZVP basis set at the CASSCF level, using the Green's 
Function (GF) and Tamm-Dancoff approximation methods (TDA), and at the Cl 
level by the multi-reference multi-root Cl (MRD-CI) method. The full set of MOs 
with the exception of the core and core complements were used, a total of 54 out of 
60 MOs. In the case of the CASSCF studies, the reordered MOs according to their 
natural orbital occupancy were used, but these have been reordered back to the SCF 
order in Table 4.7. Because the first 3 IPs were found to be so close (Table 4.7), the 
GF calculations were carried out with variable numbers of virtual orbitals, in order to 
see whether a trend in IP occurred, which could then be extrapolated. No trend was 
found, but the position of the first IP, 1a2 -1 was found to be more variable in this 
procedure than that for the other IPs. This is accounted for by the position of the it ° 
orbitals, which occur in the lower VMO set. The GF pole strength for the first 3IPs is 
high, indicating that strong bands of Koopman's type will occur. However, the inner 
ir-IP has a low pole strength, and this is important in the TDA calculation. The TDA 
calculations split the density of the 6a 1", 4b2-1 and 5a1 ' ionisations into two or more 
main bands. The last is not unexpected, since most high IP bands are spread over 
several states, but the first two were unexpected. The values obtained for the energies 
of the split TDA bands when compared with the GF ones are still recognisable in 
terms of the GF calculations, but the simplicity is lost. Thus the MRD-CI method 
was applied to all the series of ions, at the equilibrium structure of the X 1A 1 ground 
state (i.e. vertical ionisation potentials), with the CASSCF wavefimction as input, 
and the reference configurations saturated to reduce the energy to the lowest 
possible. Because of the close values for the first 31Ps, the Cl was carried out with 
several cycles of the process, with differing numbers of CSF being added at each 
stage, until the energy of each state achieved the minimum value. 
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13.2347 laj' 12.9694 12.8876 0.8634 12.8000 0.8211 
15.1327 6a1' 12.3960 12.4771 0.9115 13.4110 0.6577 
14.2790 0.2218 
15.4563 4b2' 12.7934 12.8393 0.9071 12.9600 0.1157 
14.0060 0.7529 
21.0999 1b1' 20.6266 18.0280 0.6519 21.2820 0.6829 
21.7189 3b2 19.3539 0.8170 20.7480 0.7579 
22.5457 5a1 ' 19.3751 0.7380 18.8400 0.2380 
20.4120 0.3960 
21.4640 0.1412 
Table 4.7. The MRD-CI, Green's Function and Tamm-Dancott Approximation IF'S or ozone, 
using the TZVP basis set. 
4.7 Valence State Calculations 
The CASSCF(1) wavefunction was used as the starting point and calculations were 
carried out for as many singlet and triplet valence states as could be found. The 
reference energy for the excitation process was the ground state energy from the 
CI(2) calculation above, -224.949928 a.u. In this section the Cl sequence numbers, as 
determined from the CASSCF starting wavefunction, are as follows: 
3 = 6a 1 , 5 = 7a 1 , 23 = lb1. 24 = 2b1, 33 = 02, 35 = 5b2 and 49 = 1a2 
It is important to note that the CASSCF procedure has reversed the order of MOs 3,4 
and 33,34 so that most of the excitation processes are involving the less bound of 
each of these pairs, at the SCF level. The final designations for the MOs involved in 
the excitation processes have been reordered to the SCF sequence numbers. 
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4.7.1 The TZVP valence singlet states 
The choice of the appropriate reference configuration set for the calculations of the 
'A1 states was difficult, owing to mixing between the excited states and double 
excitations of the ground state. The best set of results that were obtained for these 
states can be seen in Table 4.8 where root 1 (the ground state) is omitted. These 
results show that the first genuine singlet state, excitation from the highest occupied 
a, orbital to the lowest unoccupied a, orbital (6a,—*7a,), is at about 10eV, and hence 
well above the ground state. 
The lowest singlet excited state is 'B,, which is excitation of the highest occupied a, 
orbital into the LUMO (6a1_+2bl*);  the intensity of this band is very low. The first 
state of 'A2 type is made up of two configurations, where the dominant configuration 
is an excitation from the highest occupied b2 orbital into the LUMO, and the second 
configuration is a double excitation from the highest occupied a, and a2 orbitals into 
the LUMO, (6a 1 , 1a2—*2b22). These two configurations are linear combinations, so 
that the doubly excited CSF is dominant in the second root of this symmetry. 
However, both of these 'A2 have zero intensity, so will not contribute to the overall 
manifold of the UV+VUV spectrum, although they will contribute to the EELS 
spectrum, where there are no spectral selection rules. The lowest 'B2 state at 5.4 eV 
is excitation from the HOMO into the LUMO, (1a2->2b2). There is a large gap 
before the second state of this symmetry which is found at about 10.8 eV, and is an 
excitation from the highest occupied b2 orbital into the lowest unoccupied a1 orbital, 
(1b2—.7a,). Both of these excitations are very strong in intensity, as shown by the 
large values for f(r), while an even more intense 'B 2 state is calculated at 12.5 eV. 
Several other valence states lie in the region up to 14 eV, and the 'A, states are more 
intense than the 'B, states. However, several of the valence states found here have 
extensive contributions from double excitation from the highest occupied orbitals 
into the LUMO (02, 1a2—*2b2). 
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Symmetry Excitation Type Dominant ZC,2 Oscillator 
energy Configuration strength 
(eV) density (c12) (106 f(r)) 
1 13, 2.5666 a,bi' 0.7577 0.9103 74 
'A2 2.6055 b2b,' 	- 0.7435 0.9115 0.0 
a,a2b, 2 0.1299 
1 132 5.4319 a2b,' 0.6729 0.9053 149368 
'A2 7.0140 a,a2b, 2 0.6625 0.9013 0.0 
1 13, 7.6477 a,b, 	+ 0.1213 0.9029 3453 
b2a2b, 2  0.1032 
0.5964 
 10.0263 a l a i 0.7285 0.8902 13099 
'A2 10.3236 a2a,' 0.7818 0.9004 0.0 
'B2 10.8227 b2a,' 0.6555 0.8921 109165 
 10.8799 a,b1 0.4386 0.8963 5254 
0.3528 
'A, 11.7843 b2b2* 0.6255 0.8781 13099 
'A2 11.8619 bib2b,*2 	+ 0.5130 0.8959 0.0 
b2b,* 0.1314 
1 13, 12.4094 a2b2 0.7206 0.9002 10302 
1132 12.4691 a,b2* 0.4706 0.8838 265460 
a,a2a1b, 0.2538 
1 132 12.9725 a,a2a,b, 0.6468 0.8702 84060 
+a,b2 0.1347 
'A, 14.0616 b, b,* 0.4327 0.8653 1654 
b2a2bia,' 0.1152 
Table 4.5. Results for the I  Valence ealculations. 
In comparison with the 'A, states, the 3A, states were much easier to calculate, 
because there were no interactions with closed shells of the similar type as the 
ground state. The set of reference configurations for the final calculations of the 1A, 
states were used as a starting point from which to determining the triplet states. The 
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results for the 3A1 states are in Table 4.9. As can be seen the dominant configuration 
in the first triplet state (1 b 1 -*2b 1 ) is different to that of the singlet state, since it is 
excitation from the highest occupied b1 orbital to the lowest unoccupied b1 orbital. 
This is surprising as the lb, orbital is quite strongly bound. The energies of these 
calculations are not the best found, since they are higher by between 0.5eV and 1eV 
when compared with the other calculated values for the valence states. 





3B2 1.4939 a2bl* 0.9222 
3B1 1.6237 a1 b 1 0.9198 
3A2  2.1479 b2bl* 0.9167 
3B2 4.3775 a1b2b1 2 0.9234 
3 
A2 5.3553 aiabi 0.9204 
3B 1 6.0231 b2a2b1 2 0.9142 
3A1 7.0444 a1a1 0.9099 
3B2  7.3824 b2a1 0.9070 
3A 1 8.3295 b 1 b 1 0.9267 
3A2 9.7349 aa1 0.9059 
3A 1 10.7753 bibl* 0.8773 
3B2 11.1353 b1a2b1 2 0.8917 
3B 1 11.8094 a2b2* 0.9032 
3A1 11.8916 b2a2ai *b i * 0.8709 
3A2 11.9270 b1b2b1 12 0.8954 
12.5857 a1b1b2 2 0.8609 
Table 4.9. The TZVP triplet valence states. 
123 
Chapter 4: Ozone Excited States 
Calculations for the triplet states (Table 4.9) were easier than those for singlets, since 
there were no interactions between the excited states and the ground state. The 
lowest triplet state is 3B2, in contrast to the singlet states, but the two next triplets are 
the same as those for the singlet states. 
The present results follow the same pattern as the singlets, with both bases TZVP and 
TZVPR, since the first three states have the same upper state occupancy, 2b1 
followed by a series of doubly excited state triplets of similar type to the singlets, and 
then excitations into the lowest valence al*  MO. Not all the energy separations 
between the singlet and triplet states are of the same magnitude. The splittings follow 
a pattern of being small when the two orbitals involved in the excitation process have 
their charge density maximum in different spatial planes, while the corresponding 
values are large when both orbitals lie in the same plane 231 . For example, the orbitals 
02 and 6a 1 are in-plane, while the orbital 2b 1 , 661 is out-of-plane; this leads to the 
separation between triplet-singlet states, for the A2 (02 2b1') (and 0.30 eV), and B1 
states (6ai2b 1 ) (0.51 eV). In contrast, the 1a2 orbital and 2b 1 orbitals are both out-
of-plane (n-orbitals) [66],  so the singlet-triplet separation for these states is quite large 
(3.70 eV). This observation cannot be applied to the A 1 state singlet-triplet separation 
since the singlet and triplet states derive from excitations of different types. 
47.3 Comparison of the TZVP triplet states with a previous study. 
A comparison of the results for the first excited state of each type obtained in this set 
of TZVP calculations with those from Ref[21]and  Ref 341 is shown in Table 4.10. 
The basis sets used previously were different to those used here; Ref 23 used a 
double-zeta basis set [4s2p], with three s-type functions situated between each pair of 
O atoms, plus an extra Rydberg set [isip] on the central oxygen atom. Ref. E341 used a 
[6s4pld] set with an extra set of s and p-type functions located between each pair of 
oxygen atoms. Thus, both sets of authors used bond functions between the two non-
bonded terminal oxygens; there would appear to be little justification in doing this as 
the ozone molecule is far from being an equilateral triangle. Overall however, there 
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is quite a close correlation between the three sets of results, since in most cases, the 
order of states is the same, and the gaps are in similar positions. 
State Present Work Ref. [34] Ref. [23] 
1 3B2 1.4939 1.69 1.20 
1 3B 1 1.6237 1.85 1.59 
1 3A2 2.1479 2.00 1.44 
Table 4.10. Vertical excitation energies for the first triplet state of each symmetry compared 
with previous studies. 
4.8 Rydberg State Calculations 
4.8.1 The Ground State Calculations 
For the calculations of the Rydberg states a set of [3s2p2d] diffuse functions was 
added to the basis set, these functions were situated on the central oxygen atom. For 
these calculations the same procedure was followed as for the calculations of the 
non-Rydberg ground state, in that an SCF calculation was carried out first, followed 
by a CASSCF calculation leading to the equilibrium geometry and finally a Cl 
calculation on the resulting CASSCF wavefunction. The results for the energies and 
geometric parameters (Table 4.11) show there is little difference between the values 
obtained for the ground state with and without Rydberg functions. Both of the 
computations started with a geometry of 1.2319A for the bond length and 118.16 0 for 
the bond angle. 
The TZVPR CASSCF ground state wavefunction (Rydberg functions added,) had 
exactly the same composition as that of the TZVP CASSCF ground state 
wavefunction without Rydberg functions, and had the following leading terms 
(Equation 4.5): 
% =0.8834D -0.02570, -0.05470, -0.0117V 4 -0.46370,.-0.0188D 11 -0.0139D 1, (4.5) 
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SCF CASSCF SCF CASSCF 
(TZVP) (1) (TZVPR) (TZVPR) 
(TZVP) 
Total 	Energy -224.34329 -224.43107 -224.32045 -224.43261 
(a.u.) 
Bond 	Length 1.1937 1.2428 1.1945 1.2419 
(Ang.) 
Bond 	Angle 119.32 116.24 118.67 116.12 
(0) 
Dipole 0.9059 0.3233 0.8404 0.3455 
Moment (D) 
No. 	of 1 20 1 20 
configurations 
Table 4.11. Comparisons between ground state calculations with and without Rydberg 
functions. 
In practice, the SCF - CASSCF -+ CASSCF-CI was more complex than the above 
implies. The CASSCF module requires the MOs to be classified into frozen core 
(FZC) with 2.Oe throughout; doubly occupied (DOC) which are the active SCF MOs 
initially with 2.Oe each; finally the DOC are to be permuted with the unoccupied 
orbitals (UOC), leading to a shift of (small amounts) of electron density from DOC 
to UOC. The problem is that the CASSCF requires the UOC orbitals to be 
immediately after the DOC set in energy. With the TZVP basis set, this causes no 
problem, since the CASSCF is to be performed on the lowest-lying VMOs. In the 
TZVPR basis, the VMOs are led by the LUIMO (2b 1 ), but this is followed by the 21 
VMO orbitals of the Rydberg set. Thus a set of SCF computations with the VMOs 
being sorted into the desired order has to be performed. Provided that the 
configuration is locked, the SCF total energy is unchanged by this, and the VMOs 
can be placed in the desired order. In CASSCF(1), the LUMO (2b 1 ) was the only 
OUC, so no reordering was required. However, this leads to a very small CASSCF, 
and a larger one was desired. This was achieved by bringing into the CASSCF study, 
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the next group of valence type VMOs, identified by the Mulliken populations as 
valence type. 
The TZVPR CASSCF (1) wavefunction was used as input to a CI calculation (Table 
4.11). The value for the total energy was slightly lower than that for the CI 
calculations without Rydberg functions; the wavefunction for this CI calculation is 
composed of 81.7% SCF configuration and 8.3% for the double excitation 
1a22->2b1 2, with most of the remaining density coming from the other reference 
configurations; this calculation is the reference energy level for the following 
Rydberg state + valence state study. The leading terms of the CASSCF CI 
wavefunction (Equation 4.6) are: 
To = 	 + 0.2883 	2 2 	 (4.6) 1a2 -+2b1 
From a comparison of TcAwc, and Tc, it would appear that the density of 
is smaller in 'P than in 'PCACF . This suggests that 'PCCF , which is 
limited to using I22b is overestimating the importance of this MO. 
4.8.2 The calculated Rydberg excited states, some general matters. 
In order to identify the nature of the Rydberg virtual MOs, the symmetry of the MOs 
can be used; thus, a1 MOs contain the ns + p + d 2  -y 2 orbitals, the b2 MOs contain 
the py and dyz AOs, the b1 MOs contain the px  and dxz AOs, while the a2 MOs 
contain the dy AOs. All of these representations contain valence MOs. The next 
useful factor is the size of the MOs, in terms of the second moments of the charge 
distribution (<x2>, <y2>, <z2>); the values for valence orbitals are typically in the 
range 10-20a.u., while those for Rydberg 3s,3p,3d states are typically 40-60 a.u., and 
4s,4p,4d states have values 100-150 a.u., with 5s etc even larger and in the range 
250-300a.u. These values are given below. The identity of the individual MOs also 
follows from results of a Mulliken analysis (Table 4.12) that was carried out on the 
unoccupied virtual orbitals. Thus it is possible to assign the Rydberg type to actual 
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orbitals; orbitals 5 and 6 (7a1 and 8a 1 ) are Rydberg s-orbitals, (3s and 4s), orbitals 36, 
7 and 50 (3b1, 9a1 , 5b2) can be assigned as the 3p,, 3p  and 3py orbitals etc. 
Relatively small amounts of mixing of different types occurs. The same type of 
designation is possible with the next set of VMOs, leading to the 4s,4p, 4d and 5s 








Sym Type s p d s p d 
13 35 2b 1 Val. 0.0 0.3736 0.0054 0.0 0.3099 0.0005 
14 5 7a1 3s 0.9961 0.0036 0.0002 0.0001 0.0 0.0 
15 6 8a 1 4s 0.9423 0.0588 0.0016 -0.0016 0.0002 0.0002 
16 36 3b 1 3x 0.0 0.9809 0.0183 0.0 0.0004 0.0 
17 7 9a1 3z 0.0671 0.9022 0.0301 -0.0002 0.0005 0.0 
18 50 5b2 3y 0.00 0.9788 0.0203 -0.0002 0.0006 0.0 
19 8 10a 1 3(x2-y2) 0.0026 0.0068 0.9904 0.0 0.0 0.0 
20 69 2a2 3xy 0.0 0.0 0.9999 0.0 0.0 0.0 
21 37 4b 1 3xz 0.0 0.0174 0.9824 0.0 0.0 0.0 
22 51 6b2 3yz 0.0 0.0196 0.9801 0.0 0.0002 0.0 
23 9 ha1 3(2-r2) 0.0002 0.0211 0.9784 0.0 0.0001 0.0 
Table 4.12 Mulliken analysis TZVPR data for the low-lying virtual orbitals especially the 
Rydberg orbitals. 
As a result of previous experience, the widely differing nature of the Rydberg VMOs 
is such that it is better to seek a total of (say) 20 roots of A1 symmetry, in a set of 
small focussed calculations, rather than contain all excitation types in the same 
calculation. One major reason is that fact that at the time of the present study, 
GAMESS-UK had a limitation on the number of CSF used as reference 
configurations of 100. Experience shows that to get a lowering of the energy to the 
maximum possible for the basis set, may well need up to 70-100 CSF for just a few 
roots, and hence it is not possible to achieve the overall set of (say) 20 roots in one 
calculation. As an example, in the case of the A 2 states, smaller calculations 
consisted of only allowing the excitations from one type of orbital into one other type 
of orbital, such as only allowing excitations from the a 1 orbitals into the a2 orbitals. 
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Such a ala2*  process then gives a good account of the Rydberg states from the a1 MO 
into the 3dxy and 4dy Rydberg states. That is a1a2 , b1b2, b2bl*  and a2ai*  states 
were all treated separately. 
These effects are exemplified by the following examples (Table 4.13). It is clear that 
the coverage of the reference CSF obtained for the valence states using the TZVP 
basis set (without Rydberg functions) are higher than those using the TZVPR basis 
set (with Rydberg functions). The value that is of most relevant here is the value of 
®c12  which is the sum of the densities of all of the reference configurations. This 
index indicates how close the reference set of configurations are to describing the 
state under study. Ideally this value would be 1.00, i.e. all the density is contained in 
the reference configurations. When this value is lowered, the extrapolation of the 
energy to a projected infinite number of CSF may be unreliable, leading to either 
high or low in excitation energy. The reason why the excitation energies are lower in 
the valence states when studied using only the TZVP basis set, is that all the 
reference configurations relate to the valence transitions, whereas in the TZVPR 
basis, many configurations relate to the Rydberg states. 
TZVP Basis TZVPR Basis 
Energy Ecj2 Dominant 
Configuration 
Energy Ec 2 
-224.6359 0.8987 b1b1 -224.6365 0.8782 
-224.6172 0.8999 alai * -224.6484 0.8601 
Table 4.13. Comparison between the A 1 Valence States calculated with and without 
Rydberg functions in the basis set. 
4.8.3 The TZVPR study of the valence and Rydberg states for ozone 
The excitation energies were determined for the TZVPR basis set and the results are 
shown in Table 4.14. The 'A1 states were the most difficult to study owing to 
interaction between some of the excited states and the ground state together with its 
doubly excited states. The simplest way to obtain the required singly excited state 
roots, is to include the X'A 1 principal configurations in the list of CSF. The 
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additional two roots at lower energy, are then (1) the ground state and (2) the doubly 
excited state where the MO 1a2 2 is replaced by 2b, 2. The Rydberg states are thus 
roots 3 onwards, and all the remaining CSF are focussed on the ns Rydberg orbitals, 
which are 5,6,10 and 15a 1 in the active set The energies of the Rydberg states where 
there is a common occupied lower state orbital, show the expected order of states. 
For example, Rydberg states originating from the 'a2 orbital follow the expected 
pattern, with the 3s state first, followed by the 3x/3y states nearly degenerate and 3z 
relatively close. These are followed by a group of 3d states which are nearly 
degenerate with the 4s state, with the 4p set relatively close to the 5s state. 
Thus for excitations from the 'a2 orbital (the SCF HOMO), the lowest excited state is 
1 132 with an excitation process 1a22b, of valence type, and which has high oscillator 
strength. The low values for the second moments of the charge distribution (<x 2> 
etc) demonstrate the valence nature. The excitation energy is almost identical with 
that found with the TZVP basis set (ie where no Rydberg orbitals are present) which 
leads to an excitation energy of 5.4319eV, and an oscillator strength of 149368. 
Although the latter is smaller than that of the TZVPR basis set result, the key matter 
is that both are very strong bands. The only other bands with significant intensity 
derived from the 'a2 orbital are the 1 a2 3y and 1 a2 4y Rydberg states. All other states 
from this orbital are of negligible intensity. The singlet states determined from the 
present calculations are grouped in Table 4.14 according to the orbital vacated; the 
corresponding sets of data are shown pictorially in Figures 4.4 - 4.6 for excitations 
out of 1a2 , 02 and 6a, respectively. 
Energy 1eV Symmetry Leading 
confign. 
open shells 
106  f(r) <x2> <y2> 
1a2 excitations 
4.8853 'B2 1a22b 1 109844 -11.2 -13.5 -12.3 
8.6417 7A2 1a218a,* 0.0 -11.2 -13.5 -12.3 
10.0243 'A2 1a23s 0.0 44.1 -41.2 45.1 
10.3042 'B, 1a29b2* 
11.6856 'A2 1a24s 0.0 -138.4 -136.6 -139.9 
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12.1975 'A2 1a25s 0.0 -201.4 -194.5 -201.3 
12.9715 'A2 1 a26 0.0 -169.4 -156.7 -165.8 
10.5151 'B2 1a23x 10 -54.6 -22.9 -25.4 
11.8039 'B2 1a24x 17 -134.3 -49.5 -52.4 
10.5788 'B 1 1a23y 7545 -28.0 -64.2 -29.5 
11.8737 'B, 1a24y 7329 -48.7 -126.0 -56.7 
10.9660 'A2 1a23z 0.0 -39.7 -37.4 -82.7 
12.1315 'A2 1a24z 0.0 -59.3 -66.4 -120.6 
11.4892 7A1 la23xy 8 -71.1 -69.7 -32.0 
12.2152 'A, la24xy 30 -123.5 -122.1 49.4 
11.5158 762 la23xz 103 -71.5 -28.6 -74.3 
12.2972 'B2 la24xz 125 -123.3 45.8 -126.5 
11.6125 'B, la23yz 3 -36.0 -88.5 -91.4 
12.4259 'B, la24yz 1552 -40.9 -102.9 -102.8 
6a, excitations 
2.1516 'B, 6a,2b,* 19 -11.5 -12.6 -11.4 
8.1912 1A, 6a,18a, 890 -11.3 -14.8 -12.3 
10.2468 'B, 6a,lb,2b,*2 1503 -12.0 -13.9 -11.5 
10.8257 'A2 lb,4b22b, 2 0.0 -11.4 -12.5 -12.0 
11.5868 7B2 6a,1a22b,16a, 41172 -21.7 -45.2 -33.4 
9.7540 1A, 6a,3s 7382 -44.6 -41.2 -44.1 
11.5137 'A, 6a,4s 4551 -132.5 -130.9 -133.0 
12.0626 'A, 6a,5s 2580 -191.2 -182.8 -188.7 
12.4296  6a,6s 65 -183.3 -170.2 -178.2 
10.1796  6a,3x 3451 -48.5 -21.0 -24.3 
10.9573 'B, 6a,4x 3 -108.8 41.7 43.5 
10.3465 'B2 6a3y 38796 -24.8 -53.5 -24.7 
11.3542 'B2 6a,4y 58360 -31.9 -75.4 -33.1 
11.4821 'B, 6a,3xz 231 -75.0 -29.7 -76.5 
12.9943 1B, 6a,4xz 1575 -123.5 46.1 -125.1 
11.0109 'A2 6a,3xy 0.0 -74.8 -73.0 -32.1 
131 
Chapter 4: Ozone Excited States 
11.5909 'A2 6a,4xy 0.0 -121.4 -119.6 -47.6 
11.3214 'B2 6a,3yz 37728 -28.8 -65.6 -67.5 
11.9629 'B2 6a,4yz 40431 42.1 -105.2 -92.1 
12.0813 'B2 6alb2* 88003 -29.9 -67.8 -51.0 
12.8058 'B, 6a,b, 45112 -27.3 -60.0 -39.2 
02 excitations 
2.2679 'A2  022b, 0.0 -11.5 -11.8 -11.9 
6.9344 'B, 1a24b22b, 2 2427 -11.5 -11.8 -12.0 
9.2624 'B2 4b218a1 115251 -14.6 -14.5 -14.1 
9.8387 'B2(2) 023s 14774 -44.8 -40.2 44.8 
11.4784 'B2(2) 024s 6757 -139.5 -135.8 -139.8 
11.9791 'B2(2) 025s 5421 -213.4 -205.8 -212.8 
12.3728 'B2(1) 026s 1728 -155.1 -140.4 -150.3 
11.4136 'B,(3) 4b23xy 922 -71.4 -68.4 -31.6 
12.2208 'B,(3) 4b24xy 2363 -125.2 -122.1 -49.6 
10.3067 'A2(2) 4b23x 0.0 -51.3 -20.9 -23.7 
11.7463 'A2(2) 4b24x 0.0 -137.8 -49.5 -54.6 
10.4109 'A,(4) 023y 4532 -29.2 -64.5 -29.6 
11.7761 'A,(4) 024y 5599 48.7 -122.8 -56.3 
11.4564 'A2(2) 4b23xz 0.0 -73.5 -28.0 -75.8 
12.1996 'A2(2) 4b24xz 0.0 -122.9 -44.5 -123.4 
11.4136 'B, 4b23xy 922 -71.4 -68.4 -31.6 
12.2208 B, 4b24xy 2363 -125.2 -122.1 49.6 
11.4327 'A, 4b23yz 484 -37.0 -88.2 -92.3 
12.0655 'A, 4b24yz 1540 -42.9 -106.1 -109.4 
Table 4.14. The singlet states for ozone determined with the TZVPR basis set and ordered 
by type of excitation; valence states are indicated by an asterisk. 
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Ozone TZVPR study : la-2 excitations 
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Figure 4.4. Excitations of electrons from the I a2 orbital into Rydberg states. 
• Ozone TZVPR: Rydberg excitations from orbital 4b_2 
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Ozone TZVPR theoretical absorption spectrum 
All 6a_1 excitations to Rydberg and valence states 
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Figure 4.6. Excitations of electrons from the orbital 6a1 into Rydberg states. 
4.8.4 The TZVPR study of the excited states for ozone in relation to the 
UV-photoelectron spectrum. 
The present data on excitation to a particular upper state, such as the ns-series of 
Rydberg states, is relevant to the interpretation of the UV-photoelectron spectrum. 
Almost all of the data in Table 4.15 supports the case that the order of IPs in ozone is 
02-1  <— 6a1 " < 1a2. The exceptions are few, and generally in the higher states; these 
exceptions indicate cases where a particular state is not quite optimal in energy, since 
its position is quite out of line with related Rydberg states. Thus the study here 
supports the order 2B2 < 2A 1 < 2A2 in agreement with some previous studies 167'681 . 
These conclusions are not in agreement with the assignment chosen for an angular 
distribution UV-PES study 128 , but strictly that study only showed that 1P3 related to 
1a2 ', and made no real distinction between the first 2lPs. Various theoretical studies 
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beyond the Hartree-Fock limit [29-31,33,49,69-70]  have favoured the order 2A1 < 2B2 < 2A2 , 
while further groups prefer 2A 1 < 2A2 < 2B2 31 '721 . 






Energy! eV Energy! eV Energy! eV 
3s 10.0243 9.7540 9.8387 
4s 11.6856 11.5137 11.4784 
5s 12.1975 12.0626 11.9791 
6s 12.9715 12.4296 12.3728 
3x 10.5151 10.4346 10.3067 
3xz 11.4892 11.4821 11.4564 
4x 11.8039 10.9573 11.7463 
4xz 12.2972 12.9943 12.1996 
Table 4.15 Comparison of the low-lying excited states from the three highest MOs. 
4.9 Comparison of the excitation energies from the TZVPR and TZVP 
bases with previous theoretical studies. 
Valence 
State 



















3'B2 1.71 1.69 1.69 1.33 1.24 1.37 1.7307 
3B, 1.51 1.85 1.97 1.33 2.72 1.62 2.0638 
3A2 5.58 2.00 2.11 1.15 2.14 1.95 2.3055 
'A2 6.37 2.16 2.32 1.96 1.44 2.35 2.17 2.2679 
1 B 1 1.97 2.10 2.32 2.00 1.88 2.89 2.13 2.1516 
'B2 4.81 5.16 6.93 2.47 10.66 5.52 4.8716 
2 3A2 8.45 6.01 6.89 4.81 6.1880 
2 3B, 5.96 7.00 6.6355 
2 'B 1 6.70 7.71 4.99 7.6477 
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i 3A 7.45 7.99 9.23 5.49 8.17 8.5423 
2 3A, 8.44 9.96 9.0537 
2B2 8.45 3.87 4.19 4.30 8.07 9.1073 
-2'A-, 9.30 6.29 7.56 9.92 6.3020 
2 'A1 7.34 4.49 4.51 4.22 9.29 10.0263 
2 'B2 7.03 9.80 10.8227 
Table 4.16 A comparison of the present theoretical results for the valence states with 
previous theoretical studies. Triplet states are using the TZVP basis while singlet states are 
TZVPR. 
Overall there is little agreement either in order of states, or their energies, between 
the present and previous studies. There is limited agreement that the first two triplet 
states are 3B2 < 3B1 and that there is a considerable gap between the first three triplet 
states and the 3A1 state. In the singlet manifold, there is limited agreement between 
most studies on the first three states, which consist of a close pair of states 'A2 and 
1B1 followed by a gap before the first 1 B2 state, and a further gap of some 2.2eV 
before the next singlet state. Several low-lying states have significant amounts of 
doubly excited state character, such as 2 1A2 (a1a2b1 2) and 21B1 (b2a2bl*2).  A 
comparison of the present results with a previous study, which included Rydberg 
states is shown in Table 4.17. The present study covers a wide range of extra states 
which are all expected to be present in the \'UV+EELS spectra in the 0-12 eV 
region. Since it now seems probable that the first two IN are 6a,' and la2 -1 , with 
4b2' at higher energy, the results in Ref [23]  are not better than the present study. 
Excitation Present TZVPR basis Ref, [23]  
6a 1 -*3s 9.7540 9.38 
4b2-3s 9.8387 9.21 
02-3p, 10.3067 10.87 
1a2-+3s 10.0243 9.40 
1a2->3p 10.5151 10.64 
1a2-*3p3, 10.5788 10.39 
la2->3pz 10.9660 11.02 
Table 4.17 Comparison of the TZVPR calculated results for Rydberg states with a previous 
study. 
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4.10 The theoretical absorption spectrum for Ozone using the TZVPR 
basis set. 
The present calculations find a complete set of Rydberg states of 3s,p,d and 4s,p,d 
character involving the first three IFs in the region 10-12eV. The complete set of 
calculated electronic states are shown in Figure 4.7. Thus there are many more 
calculated states than observed, even allowing for the 'A2 states which are forbidden. 
Each of the px, py and pz  states are calculated to be nondegenerate as are the 
corresponding d-type states. No simple pattern of the order within a group occurs, so 
that generalisations are impracticable. The only valence state found with the present 
TZVPR basis set which lies in this region is the 'B2 (6alb,*)  state, at 12.81eV, with 
moderately high oscillator strength. A further series of related singlets states, into 
higher b,' orbitals but originating from the 4b2 and 1a2 orbitals will lie in the same 
region. Finally further doubly excited states such as 'A2 (6ai 1a2b, 2)  were found near 
9.44eV; this one is unlikely to have any significance in the VLJV spectrum, but is 
perhaps an indicator of related states of different symmetries being nearby. The 
energy order of the two lowest singlet states, 'A2 (4b 22b 1 ) and (6a,2b,) are 
critically dependent upon the addition of some doubly excited state configurations to 
the reference set. Most of the Rydberg states showed no significant contamination 
from reference configurations of other types, except cases such as 6a,3x and 6a,3xy 
where the valence state 6a,2b, ° was required, together with its own set of reference 
configurations, to generate sufficient coverage of the total reference set CSF to the 
final roots; this total (®c1 2) was generally near 90%, with values below 86% 
showing considerable uncertainty because of extrapolated values having too large a 
correction. 
Another similar case was the series of Rydberg states 6a 1 3y and 6a,3yz etc, where 
there was a small contribution of 1a 22b, to the final states. Without such 
contaminating reference configurations, the Rydberg state energy was some 0.7eV 
higher than the best value. 
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The reverse situation occurs with some valence states, where the states were first 
calculated with only the corresponding set of Rydberg state reference functions. For 
example, for the 6a, to 3x, 4x, 3xz and 4xz Rydberg states of 'B1 symmetry, the 
lowest root of this type of excitation is the valence state 6a,2b 1 , so the 5 roots were 
determined together. This led to an energy for the valence state of 2.2774eV, but also 
disclosed that there was an additional root of type 6a, 1b12b, 2 also present at low 
energy. Thus to obtain a good set of values for all the states, it was necessary to 
allow the whole system to relax with additional CSF. This led to the observation that 
the following linear combinations (with c coefficients for the wavefunction) 
occurred in the valence states: 
+0.8535 [6a12b,*] + 0.3688 [6ailbi2b, 2] (2.1516 eV) 
+0.3282 [6a12b1*] - 0.7776 [6a,lb,2b 1 2] (6.9344 eV) 
The small differences in coefficients (ci) reflect the different coupling with other 
reference configurations. 
Although the first set of three Rydberg states, with excitations into the 3s orbital 
from each of 6a, , 02 and 1a 2 , reflect the close nature of the three iPs, this was not 
initially found for the corresponding set of three valence states into the 2b, orbital, 
with two states close and the third 1a22b,*  rather further away. The latter is important 
since it ( 1B2) is the most intense band in the ozone VUV spectrum; however, the 
position of the calculated 'B2 state is very close to the position of the experimental 
maximum of intensity, ie the position corresponding to the vertical transition, so the 
difference in energy between the three states with the common upper state seems 
likely to be real. 
In the previously described TZVP valence basis study, a trio of low-lying singly 
excited states were found where the upper state was a valence type a,*  orbital 
(sequence number 5a,); these states had an energy in the 10-11eV range, 'A, 
(10.0263 eV), 'A2 (10.3236 eV) and and 'B2 (10.8227 eV). The last of these had 
particularly high oscillator strength. The TZVPR basis set generated similar valence 
states but at significantly lower excitation energy. These are shown in Table 4.19, 
where the sequence number for the upper state is 18a,*.  Again the 'B2 state is of very 
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high intensity, and hence should be prominent in the VUV spectrum. In contrast, the 
other states of this type are very weak in intensity. The next set of valence states are 
related to the valence MO 9b2*,  and these occur about 1.5 eV to higher energy than 
those where 18a 1 is involved. Attempts to generate a full set of excitations into MO 
9b2 were frustrated by the presence of doubly excited states close in energy, which 
led to linear combinations with the desired excitation; thus 6a 1 9b2 occurs in 
combination with 6a, 1 a22b, * 1 8a 1 in such calculations. 
4.11 The role of doubly excited states 
Both the TZVP and TZVPR bases generated a group of doubly excited states at low 
excitation energy. However, with the focussing of the reference configurations on 
excitations of particular types to represent the Rydberg states, these doubly excited 
states were not given equal coverage. Thus a specific study was performed to deal 
with these. The results are shown in Table 4.18, and were generated with a quadruple 
zeta basis with polarisation and Rydberg functions, a total of 111 basis functions 
with 99 active orbitals, but the reference configurations were now focussed upon the 
ground and doubly excited states. Some of the roots occurred as linear combinations 
of reference configurations of very different type; for example, the roots of 1 A2 
symmetry of form 6a11a22b12*  and  4b22b1*  occur together. 
The first low lying valence states of single excitation type are included in Table 4.18 
to show the effect of the QZVPR as opposed to the TZVPR basis sets, when 
compared with Table 4.14 above. Taking the first singlet states, the TZVPR-QZVPR 
energy differences are 0.13 ('A2) and 0.46eV ('B,) respectively. The effect is larger 
with increasing excitation energy so that the next 'A2 valence state of doubly excited 
nature (6a, 1a 2b, 2) is some 2.44 eV lower in energy. These effects are to be expected, 
since the QZVPR basis set has the same number of Rydberg functions (21) but a 
much expanded valence set (90 as opposed to 60). Thus there are more diffuse 
functions in the QZVPR basis set which are of valence character, and this will lower 
the excitation energy of valence states in particular. One interesting feature of these 
comparisons, is that the low-lying 1B 1 state of type 6a,2b1*  has very low oscillator 
strength in both the TZVPR (106  f(r) = 0.0) and QZVPR calculations (106  f(r) = 7.0). 
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This is not a symmetry forbidden situation, merely a feature of the MOs involved. 
The present calculations indicate a group of four doubly excited states lying in the 
energy range 6.7-7.5 eV, of which one is forbidden ('A 2); only the 'A 1 (differing 
from the ground state configuration by +2b, 2 - 1a22) has a significant oscillator 
strength. This must be the state which is responsible for some VUV absorption as 
shown below. Also, the 'A1 state (+2b, 2 - 022) near 4.4eV, although of very low 






106 f( r) <x2> <y2> <z2> 
0.0 'A 1 - - -10.9 -12.5 -12.0 
2.1438 'A2  022b1 0.0 -11.5 -11.6 -11.7 
2.3138 1B, 6a12b1 7 -11.4 -12.2 -11.2 
4.3928 'A1 +2b12 -4b22 1 -12.0 -11.0 -11.0 
5.2770 1B2 1a22b1 170524 -11.1 -12.9 -12.1 
6.2306 'A2 6a1 1a2 +2b12 0.0 -11.4 -12.6 -11.5 
6.7551 'A, +2b12 -1a22 13799 -10.7 -12.5 -12.1 
7.1351 'B1 4b21a2+2b12 410 -11.4 -11.6 -11.7 
7.4865 'B2 6a14b2 +2b12 443 -12.1 -12.0 -10.8 
8.0096 'A, +2b12 -6a,2 899 -12.0 -12.3 -10.6 
Table 4.18 Low-lying doubly excited states and single excitation states of lower energy but 
generated in the same calculations, using the QZVPR basis set. 
4.12 Assigning the experimental VUV+EELS spectra 
The experimental VUV spectrum obtained by Ref E l l is shown in Figure 4.1. The 
Wulf and Chappuis Bands near 2 eV are omitted. Clearly there are main areas of 
absorption with band centres" near 4.86, 7.25, 8.80, 9.31, 10.21, 10.59 and 11.1eV; 
these are marked with band numbers as shown in Figure 4.1. There is a possible 
weaker band near 8eV, but this is the same region where molecular oxygen absorbs, 
and which has been subtracted from the combined spectrum. The present sequential 
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singlet state data is in Table 4.19, and the calculated spectrum is shown below 
(Figure 4.7); because the calculated intensities through the oscillator strength (f(r)) 
cover a range of intensity of 10 5 units, the y-axis has been presented as logio (y) 
units, with the A2 states being given an arbitrary intensity of 0.2 units. 
Ozone calculated spectrum for the 2-13 eV region 










4.0 	6.0 	8.0 	10.0 	12.0 	14.0 
Energy / eV 
Figure 4.7. The complete calculated spectrum using the TZVPR basis set as described in the 
Figure caption. 
4.12.1 The Wuif and Chappuis Bands in the 0-3 eV region. 
The lowest optically observed band, the Wulf Band (1.1-2.0 eV, with principal 
intensity 1.8 ± 0.2 eV, and the Chappuis Band (1.9-3.1 eV, with principal intensity 
near 2.05 ± 0.05 eV) are generally assigned purely on the basis of calculated data, 
and are assigned to the optically forbidden 3A2 band 73 and 'B 1 respectively. 
However, these are unlikely to be single electronic states, since the EELS spectrum 
shows a maximum intensity nearer 1.3eV, 111 which is lower in energy than the Wulf 
141 
Chapter 4: Ozone Excited States 
Band. The photoelectron spectra from the ozone anion led to triplet states which on 
the basis of calculated data were assigned' 71 (eV) as follows: 3A2 (1.20), 3B2 (1.30), 
3B, (1.45) and 'A2 (1.6eV) respectively. The results in Table 4.16 and elsewhere' 91 
show that there is no general agreement on the assignment. The present data, are in 
agreement with several studies with the order of states 3B2 < 3B, < 3A2 - 'B, ::~ 'A2, 
but several other sequences are supported by other authors. The Chappuis Band then 
is the singlet state 'B, as the only other low-lying state with possible contribution 
from the formally forbidden 'A2 state. This assignment seems to be supported by 
several studies. 
4.12.2 The Huggins and Hartley Bands in the 4 -6eV region. 
This substructure to the main Hartley Band, with band origin 3.2876 eV, is thought 
to arise from the weak 1A, state referred to above  ' 181 where a two 2-electron process 
with orbital occupancy differing from the X 1A, ground state by +2b, 2 - 4b22 occurs. 
However, this state is thought to have ozone in the reduced symmetry state of Cs ('A" 
in Cs).  The present calculations find the vertical excitation energy of the 'A, state to 
be near 4.39 eV, and accompanied by a triplet state 3B2. 
The present calculations then place the 'B2 state as the Hartley Band, with vertical 
excitation energy of 4.8455 eV, with a further triplet state 3A2 which involves the 
first of the double open shell species 6a,4b2b 1 2. The calculated excitation energies 
for the range 2 —10 eV and their intensities are shown in expanded form in Figure 
4.8, while the wide scan of the UV+VIJV region of the experimental spectrum is in 
Figure 4.1. 
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Ozone low energy region 240 eV 










4.0 	 6.0 	 8.0 	 10.0 
Energy I eV 
Figure 4.8. The low energy region of the calculated spectrum. 
4.123 The 6-9 eV Region (Bands 2 and 3 in Figure 4.8). 
The present study is in disagreement with Thunemann et alt231  who found only four 
excited states in this region. The present results (Table 4.18) show a series of 4 
doubly excited singlet states in the 6.6 - 7.6 eV region, where by far the most intense 
is the 'A 1 state at 6.76eV, with weaker bands at 7.01 ('A 2), 7.13('B,) and 
7.49eV( 1132), and a further band at 8.01eV which is another doubly excited state of 
'A, symmetry. Three further triplet states are expected in this region, namely 3A1 and 
3 B 1 and 3132. 
The present calculations indicate a gap before a further group of singlet states in the 
8 - 9 eV region. The singly excited valence states calculated for this region were first 
found with the TZVP basis set (but at higher excitation energy), and involve the 
lowest valence type virtual orbital of a, symmetry; this MO is 5a, with the TZVP 
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basis set, becoming 1 8a1 in the TZVPR basis. Again the excitations from the 6a, and 
4b2 MO into 18a, are close together, and separated by a small amount from the 1 a2 
value, with the excitation from 6b2 above this by about 0.6 eV, while the next state of 
this type which relates to lb, is well above. Given the IFs and likely 8 values, no 
Rydberg states can occur at such low excitation energies, as discussed below. Thus 
the Band 3 in Figure 4. 1, lying between 8 and 9eV is attributed to a group of valence 
states with the dominant feature being of 'A 1 symmetry. This is quite different from 
previous assignments. 
4.124 The 9-11.5 eV Region. 
A detailed picture of this region of the experimental spectrum is shown in Figure 4.3, 
with the theoretical spectral states shown in Figures 4.10-4.13, because of the 
number of states found in this region. There seems agreement with Mason et alUl  that 
the first Rydberg states occur near 9 eV, as expected on the basis of the Rydberg 
formula. That study found only the 6 Rydberg states shown in Figure 4.3 for this 
region, with most of the observed structure being assigned to vibrational states, on 
the basis of similarity with the UV-photoelectron spectrum. 
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Ozone theoretical absorption spectrum 
range 9.5- 10.5 eV 
3y 
3s 





3s 3x V 3zJ1 
9.5 	 10.0 	 10.5 	 11.0 
Energy / eV 
Figure 4.10. The range from 9.5 to 11.0 eV of the calculated spectrum, showing mainly 
Rydberg states. 
The present results (Figure 4.10) show almost all the members of the first Rydberg 
states for each of the first three IN occur in this region. Although there are a number 
of A2 states overall, with expected forbidden character, there still seem more 
electronic states than those assigned by Mason et al Thus it is concluded that some 
of the structure in this region which was assigned to vibrational states of the Rydberg 
electronic states must be extra electronic states. Figures 4.11 and 4.12 show the 
higher members of the Rydberg series from these three highest occupied MOs. A 
small group of valence states are also found in this region, and are clearly marked in 
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Ozone theoretical absorption spectrum 
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Figure 4.12. The theoretical spectrum of ozone from 11.5 to 12 eV. 
11.3 	 11.4 
Energy I eV 
Figure 4.11. The range from 11.3 to 11.5 eV of the calculated spectrum, 
Ozone theoretical absorption spectrum 
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Ozone TZVPR theoretical spectrum 
Energy range 12.0- 13 eV 
V 
V 
5s 4xy 6s 







12.0 	12.2 	12.4 	12.6 	12.8 	13.0 
Energy / eV 
Figure 4.13. The theoretical absorption spectrum for ozone in the range 12 - 13 eV. 
The final Figure 4.13, shows the higher members of the set of Rydberg states which 
the present basis set allows through the 3s + 2p + 2d type shells of the TZVPR basis 
set. Beyond this energy range, the TZVPR basis has very limited opportunities to 
calculate valence states, so that the states in Figure 4.13 must be incomplete in 





open shells etc 
106 
f(r) 
<,2> <y2> <z2> 
2.1516 1B1 6a,2b1* 19 -11.5 -12.6 -11.4 
2.2679 'A2 4b22b 1 0.0 -11.5 -11.8 -11.9 
4.3928 'A 1 +2b, 2 -4b22 1 -12.0 -11.0 -11.0 
4.8455 'B2 1a22b, 109844 -11.2 -13.5 -12.3 
6.6333 'B, 1a24b22b 1 2 2499 -11.4 -11.8 -11.9 
6.7551 'A 1 +2b, 2 -1a22 13799 -10.7 -12.5 -12.1 
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7.4865 'B2 6a,4b22b,*2 443 -12.1 -12.0 -10.8 
8.0096 'A, +2b 1 2 -6a, 2 899 -12.0 -12.3 -10.6 
8.6077 'A, 6a,18a, 913 -11.2 -14.5 -12.2 
8.6417 'A2 1a218a, 0.0 -11.2 -13.5 -12.3 
9.2309 'B2 4b2 18a, 115251 -14.6 -14.5 -14.1 
9.4414 'A2 6a,1a22b, 2 0.0 -12.9 -12.9 -12.5 
9.7540  6a1 3s 7382 44.6 -41.2 44.1 
9.8387 'B2 4b23s 14774 44.8 -40.2 -44.8 
10.0243 'A2 1a23s 0.0 44.1 41.2 -45.1 
10.0704  6a,lb,2b, 2 3331 -11.3 -13.7 -11.3 
10.1796 'B, 6a,3x 3451 -48.5 -21.0 -24.3 
10.3042 1B, 1a29b2 1002 -10.4 -13.8 -13.4 
10.3067 'A2 4b23x 0.0 -51.3 -20.9 -23.7 
10.3465 'B2 6a,3y 38796 -24.8 -53.5 -24.7 
10.4109  023y 4532 -29.2 -64.5 -29.6 
10.5151 'B2 1a23x 10 -54.6 -22.9 -25.4 
10.5788  1a23y 7545 -28.0 -64.2 -29.5 
10.8257 'A2 lb 1 4b22b,2 0.0 -11.4 -12.5 -12.0 
10.9573 'B, 6a 14x 3 -108.8 41.7 43.5 
10.9660 'A2 1a23z 0.0 -39.7 -37.4 -82.7 
11.0109 5A2 6a,3xy 0.0 -74.8 -73.0 -32.1 
11.3214 'B2 6a,3yz 37728 -28.8 -65.6 -67.5 
11.3542 'B2 6a,4y 58360 -31.9 -75.4 -33.1 
11.4136 'B, 4b23xy 922 -71.4 -68.4 -31.6 
11.4327  4b23yz 484 -37.0 -88.2 -92.3 
11.4377 ' A, 4b2 1a22b,18a, 879 -11.1 -13.0 -13.1 
11.4564 'A2 4b23xz 0.0 -73.5 -28.0 -75.8 
11.4639  lb, 18a, * 	 - 
2b,*16a,* (-1a22) 
38 -10.3 -14.8 -13.1 
11.4784 'B2 024s 6757 -139.5 -135.8 -139.8 
11.4821 'B, 6a,3xz 231 -75.0 -29.7 -76.5 
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11.4892 'A 1 la23xy 8 -71.1 -69.7 -32.0 
11.5137 'A, 6a,4s 4551 -132.5 -130.9 -133.0 
11.5158 'B2 la23xz 103 -71.5 -28.6 -74.3 
11.5868 'B2 6a,1a22b,*18a,* 41172 -21.7 -45.2 -33.4 
11.5909 'A2 6a,4xy 0.0 -121.4 -119.6 -47.6 
11.6125 'B, la23yz 3 -36.0 -88.5 -91.4 
11.6856 'A2 1a24s 0.0 -138.4 -136.6 -139.9 
11.7463 'A2 4b24x 0.0 -137.8 -49.5 -54.6 
11.7761  024y 5599 -48.7 -122.8 -56.3 
11.8039 'B2 1a24x 17 -134.3 -49.5 -52.4 
11.8737  1a24y 7329 48.7 -126.0 -56.7 
11.9629 'B2 6a,4yz 40431 -42.1 -105.2 -92.1 
11.9791 'B2 025s 5421 -213.4 -205.8 -212.8 
12.0626 'A, 6a,5s 2580 -191.2 -182.8 -188.7 
12.0655 'A, 4b24yz 1540 -42.9 -106.1 -109.4 
12.0813 'B2 6a,8b2 88003 -29.9 -67.8 -51.0 
12.1315 1 A2 1a24z 0.0 -59.3 -66.4 -120.6 
12.1975 1A2 1a25s 0.0 -201.4 -194.5 -201.3 
12.1996 'A2 4b24xz 0.0 -122.9 -44.5 -123.4 
12.2152  la24xy 30 -123.5 -122.1 49.4 
12.2208  4b24xy 2363 -125.2 -122.1 -49.6 
12.2972 'B2 la24xz 125 -123.3 -45.8 -126.5 
12.3728 'B2 4b26s 1728 -155.1 -140.4 -150.3 
12.4259 'B, la24yz 1552 -40.9 -102.9 -102.8 
12.4296  6a,6s 65 -183.3 -170.2 -178.2 
12.8058 'B2 6a,7b, 45112 -27.3 -60.0 -39.2 
12.9715 'A2 1a26s 0.0 -169.4 -156.7 -165.8 
12.9943  6a,4xz 1575 -123.5 46.1 -125.1 
Table 4.19. The sequential singlet states for ozone determined with the TZVPR basis set, 
including doubly excited states. 
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4.13 Conclusions 
A number of the low lying excited valence and Rydberg states of ozone have been 
calculated, and an attempt has been made to assign these states to the VUV+EELS 
spectrum. Finally a theoretical spectrum, by nature a broad-brush painting with little 
fine detail, has been generated and compared with the experimental spectrum. 
The ozone molecule is a special case of a bent XY2 system; at the SCF level, the 
molecular orbitals are assigned to occupancies 1a1 2 lb22 2a 1 2 3a1 2 2b22 4a 1 2 5a1 2 3b22 
lb1 2 4b2 2  6a 1 2 1a22. Since the three highest occupied orbitals have considerable anti-
bonding character, and three other MOs of similar levels of anti-bonding character 
are available, the importance of double substitutions as described previously is clear. 
Thus, the orbital 2b1 makes a significant contribution to the ground state, which has 
to be treated as a multiconfiguration system. In a similar way, the singlet and triplet 
1 ' 3B1 excited states have orbital occupancies ... (1a2) 2(6a1) 1 (2bi) 1 . 
The ground and valence states were calculated using a [5s3pld] triple zeta + 
polarisation basis set (60 contracted basis functions, TZVP); for the Rydberg 
calculations this was augmented by a set of [3s2p2d] diffuse functions located on the 
central oxygen atom, (81 contracted basis functions, TZVPR). For the final set of 
calculations, a set of diffuse valence-type s,p,d-AOs were added to the atomic basis 
set of each 0-atom (QZVP basis), together with a set of Rydberg orbitals on the 
central 0-atom (QZVPR). The CI study was repeated with all 4 basis sets, but the 
last was incomplete. The full valence occupied orbitals and their electrons were 
allowed to vary their occupancy, and together with the active virtual set, comprise 
the active set of occupied orbitals; only the core complements, the three highest 
energy MOs were 'discarded'. The wavefunction used in the CI was derived from a 
twenty configuration CASSCF calculation. 
Three IPs occur in the 12-14eV region, (281  corresponding to the vertical IPs of 12.73, 
13.00 and 13.54 eV; there is a gap in the UV-PES until 1P 4 at 16.50eV. The first 
band has an adiabatic EP of 12.43eV, and these adiabatic IPs represent the 
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convergence limits of the Rydberg states. Because of the energy gap between 1P3 and 
1P4, only the first group of three IPs are likely to be involved in the excitation 
processes to Rydberg states. 
The IN were studied by a combination of GF, TDA and CI calculation, but there was 
no agreement in the EP order, even over IF, to 1P3. Clearly the ions laj', 6a,' and 
02- ' lie very close. This point was considered again from the singlet Rydberg state 
ordering. The present data on excitation to a particular upper state, such as the ns-
series of Rydberg states, is relevant to the interpretation of the UV-photoelectron 
spectrum. Almost all of the data in the present study supports the case that the order 
of IFs in ozone is 4b2 1 < 6a 1 ' < 1a1 1 . The exceptions are few, and generally in the 
higher states; these exceptions indicate cases where a particular state is not quite 
optimal in energy, since its position is quite out of line with related Rydberg states. 
Thus the study here supports the order 2B2 < 2A, < 2 A2 in agreement with some 
previous studies 67 '681 . 
The energies of the Rydberg states where there is a common occupied lower state 
orbital, show the expected order of states. For example, those originating from the 
1a2 orbital (SCF HOMO) have the 3s state first, followed by the 3N/3p y states nearly 
degenerate and 3p relatively close. These are followed by a group of 3d states which 
are nearly degenerate with the 4s state, with the 4p set relatively close to the 5s state. 
For excitations from the 1a2 orbital, the lowest excited state is 'B 2 with an excitation 
process 1a22b1*.  This state is of valence type and high oscillatQr strength. The 
excitation energy is almost identical to that found using the TZVP basis set. 
Although the latter is smaller than that of the TZVPR basis set result, the key matter 
is that both are very strong bands. There are two other bands 'with significant 
intensity derived from the 1a2 orbital, the 1a23p and la24p Rydberg states. In a 
similar way to Rydberg+valence excitations from 1a2, all the states derived by 
excitations from 6a 1 and 4b2 were obtained. These enabled the assembly of a 
theoretical HV+VUV spectrum. Thus there are many more calculated states than 
observed, even allowing for the 1A2 states which are forbidden. Each of the p,., py 
and pz states are calculated to be nondegenerate as are the corresponding d-type 
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states. One interesting feature, is that the low-lying 'B, state of type 6a,2b, has very 
low oscillator strength in both the TZVPR (106  f(r) = 0.0) and QZVPR calculations 
(106 f(r) = 7.0); this is not a symmetry forbidden situation, merely a feature of the 
MOs involved. No simple pattern of the order within a group occurs, so that 
generalisations are impracticable. Most of the Rydberg states showed no significant 
contamination from reference configurations of other types. 
The two lowest optically observed bands, the Wulf Band (1.1-2.0 eV) and the 
Chappuis Band (1.9-3.1 eV) are generally assigned purely on the basis of calculated 
data, and have been assigned to the optically forbidden 3A2 band  [731  and 'B, 
respectively. However, it is unlikely that these states are single electronic states, 
since the EELS spectrum shows a maximum intensity nearer 1 .3eV,' 1 which is lower 
in energy than the Wulf Band. The present data are in agreement with several studies 
with the order of states 3B2 < 3B, < 3A2 'B, :!~ 'A2, there are however several other 
sequences supported by other authors. 
The Huggins band, a substructure to the main Hartley Band, with band origin 3.2876 
eV, is thought to arise from a state l8l where a 2-electron process with orbital 
occupancy differing from the X'A, ground state by +2b, 2 - 4b22 occurs. However, it 
is also thought that this state has ozone in the reduced symmetry state of Cs ('A' in 
Cs). The present calculations find the vertical excitation energy of the 'A, state to be 
near 4.39 eV, and accompanied by a triplet state 3B2. The present calculations then 
place the 'B2 state as the Hartley Band, with vertical excitation energy of 4.8455 eV. 
In the 6-9 eV region of the spectrum the present study is in disagreement with 
Thunemann et al 231  who found only four excited states in this region. The present 
results show a series of 4 doubly excited singlet states in the 6.6 - 7.6 eV region, 
with the most intense state being the 'A, state at 6.76eV, with weaker bands at 7.01 
('A2), 7.13('B,) and 7.49eV('B2). A further band is found at 8.01eV which is another 
doubly excited state of 'A, symmetry. Three further triplet states are expected in this 
region, namely 3A, and 3B, and 3B2. 
152 
Chapter 4: Ozone Excited States 
The present calculations indicate a gap before a further group of singlet states in the 
8 - 9 eV region. The singly excited valence states calculated for this region involve 
the lowest valence type virtual orbital of a1 symmetry. Again the excitations from 
the 6a, and 4b2 MO into this orbital are close together, and separated by a small 
amount from the 1a2 value, with the excitation from 6b 2 above this by about 0.6 eV, 
while the next state of this type which relates to lb, is well above. Given the IPs and 
likely 8 values, no Rydberg states can occur at such low excitation energies. Thus 
Band 3 in Figure 4. 1, lying between 8 and 9eV is attributed to a group of valence 
states with the dominant feature being of 'A1 symmetry. This is quite different from 
previous assignments. 
A large number of states were found in the 9-11.5eV region of the spectrum. There 
seems to be agreement with Mason et al that the first Rydberg states occur near 9 
eV, as expected on the basis of the Rydberg formula. That study found only 6 
Rydberg states for this region, with most of the observed structure being assigned to 
vibrational states, on the basis of similarity with the UV-photoelectron spectrum. The 
present results show almost all the members of the first Rydberg states for each of 
the first three IN occur in this region. Although there are a number of A 2 states 
overall, with expected forbidden character, the present study seems to find more 
electronic states than those assigned by Mason et a1111 . Thus it is concluded that some 
of the structure in this region which was assigned to vibrational states of the Rydberg 
electronic states must be due to extra electronic states. 
This study has been largely successful in achieving the goals set out, namely to 
determine a set of valence and Rydberg states in the low energy range of the IJY + 
VUV spectum, and from these results to calculate a theoretical spectrum for ozone, 
which contains the lowest three shells of Rydberg states. The basis set at TZVPR is 
still inadequate to be sure to generate all the valence states below 12eV, but it seems 
probable that most have been determined. Further work will be necessary to achieve 
complete coverage, and to extend the energy scale upwards. The QZVPR basis set 
provides one such basis, and further developments are expected in this area, using the 
present techniques. 
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Chapter 5 Pseudo Halogens 
5.1 Introduction 
R 	____ 
N X% N X 
Figure 5.1 General Form for Pseudo Halides 
A pseudohalogen is defined as a molecule consisting of more than two 
electronegative atoms, which in the free state resemble the halogens. Thus some 
common pseudohalogens are (CN')2 cyanogen, (OCN) 2 oxycyanogen, and (SCN)2 
thiocyanogen. The corresponding pseudohalide anions corresponding to these are 
CN(-) cyanide, OCN(-) cyanate, and SCN(-) thiocyanate, and N 3(-) azide anions [1] 
The general structures of the pseudohalides studied in the present Thesis are shown 
in Figure 5. 1, where the atoms X, Y are for azides (X=Y=N), isocyanates 
(X=C,Y=O) and isothiocyanates (X=C, Y=S). As is seen from the Figure 5. 1, each of 
the molecules is inverting at the first nitrogen atom, as is usual for all amines. As a 
result, the potential energy surface of these compounds is a double minimum, with 
the linear arrangement of atoms being a maximum energy. 
A feature of the anions is that they can react with cations at either end. For example, 
the isocyanates OCN(-) can be alkylated to give the cyanates R-O-CN or the 
isocyanates R-N=C=O; similarly the thiocyanate anion can be converted to the 
thiocyanates R-S-CN and the isothiocyanates R-N=C=S. This can be understood by 
considering the structure of the anion to be an average of the two canonical forms, 
such as (-)O-CN and O=C=N(-); the azide anion is already symmetrical. 
The group R in Figure 5.1 was chosen to be either halogen (F to I). These were 
chosen since several have been investigated by IR or microwave spectroscopy, which 
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provide comparisons with the theoretical data, but there are substantial gaps in the 
experimental data, which make the present study of predictive value. 
The method of study for all this series of molecules is to determine the equilibrium 
geometry, and the bending motion at the MP2 level, using the TZVP basis set for all 
atoms. In the case of the iodo-compounds, no iodine basis set of TZVP type is 
available, and we attempted to obtain a compatible one for these molecules by 
variation of the best exponents from the Huzinaga I-atom set which contains 18s, 
14p, 8d exponents [2,3]  This was only partially successful, and in some cases the most 
realistic calculations were obtained for the iodo-compounds using a DZP basis on C, 
N, 0 atoms. 
5.2 The Halogen azides 
The halogen azides have been made by a variety of related methods, which basically 
involve the interaction of metallic azides (Na, Ag etc) with the halogen [4-8]  They are 
gases above room temperature, and explosive by nature. They are handled either as 
gases diluted with some other inert gas such as nitrogen, argon etc, or in hexane or 
other inert solution. There have been a number of experimental and theoretical 
studies into the structures of the smaller halogen azides. One of the widest in scope is 
that by Glidewell and Holden 191  using the MNDO semi-empirical method, where the 
equilibrium structures of each of the series R-N=X=Y where R= F,Cl and XY NN, 
CO or CS. Fluorine azide (FN3) was studied by microwave spectroscopyt 101 , and at 
the Hartree-Fock SCF and MP2 levels of theory [1012]  with various basis sets. The 
He(I) photoelectron spectrum has been obtained, and interpreted in terms of the 
molecular orbital energies (Koopmans' th eorem)[ 13] . 
Chlorine azide has been known since 1908, and has been investigated both in terms 
of safe preparation and reactivity [14]  and spectroscopic properties, including its 
photodissociation into N2 + NCI [15]  Of more importance to the present work, are the 
microwave spectral [16]  infrared [171,  and various theoretical studies [9,11,18-20]  of CIN3 . 
These theoretical studies were performed by semi-empirical valence electron 
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methods [9,20],  SCF ab initio level [18,19]  and MP2 [11]  level of theory. The He(I) 
photoelectron spectrum of both C1N 3 and BrN3 have been obtained, and interpreted 
in terms of Walsh diagrams 2 . Bromine azide (BrN 3) like the C1N3 molecule readily 
undergoes photodissociation into N 2 + NBr122241 It is clearly very susceptible to 
violent decomposition 1251  Previously it has only been studied theoretically at the 
MP2 level, using an effective core potential for the heavy atom 11'1 . There is an 
electron diffraction structure of iodine azide (IN 3) in a combined paper with 
theoretical studies at the SCF level [26]  and a further study at the MP2 level [11] 
In the case of IN 3 , the electron diffraction method does not allow a refinement of two 
very similar NN bonds simultaneously, so the mean and difference were determined. 
The results were then calibrated by reference to their ab initio SCF calculations [261; 
hence the agreement between the calculated and observed structure in this case may 
be fortuitous. 
One reason for the lack of experimental data for these molecules is their hazardous 
nature [14,25,27,28]  However, since these can often be prepared at low temperature and 
pressure, the possibility for future experimental work seems likely. 
5.2.1 Molecular Structures 
In this Section, we consider the equilibrium structures in relation to each other and 
discuss variations in bond lengths and angles, dihedral angles changes of symmetry 
etc. Where ever possible comparison with experiment is done. It is convenient to 
consider each of the types of molecule separately, and then joint comparisons later. 
The first data concerning the experimental structure to emerge from the microwave 
studies are the rotation constants (A, B and C) and the moments of inertia. The use of 
several isotopic compositions then leads to the 'substitution structure'. For both the 
chioro- and bromo-azides etc, there are two halogen isotopes present in the natural 
halogens, so the spectra of both isotopes are present at the same time. In all the 
following Tables, experimental standard deviations for microwave spectral data are 
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shown in parentheses; assumed data are marked '(ass)'. With the predicted values, 
we give the results for the 35C1 and 79Br isotopes only. In the present molecules, a 
comparison of the present theoretical rotation constants, where possible with the 
experimental microwave spectral ones, is shown in Table 5.1. The values for FN3 are 
very similar with a maximum difference between calculated and observed of about 
1%; for C1N3 the difference is again very small, only between 1 and 2%. 
Molecule Method A (MHz) B (MHz) C (MHz) Reference 
FN3 IvlP2 TZVP 47615.456 5654.773 5054.504 Present 
Study 
Microwave 48131.448 5713.288 5095.276 [9] 
(171) (84) (58)  
C1N3 MP2 TZVP 36881.3 3504.6 3200.5 Present 
Study 
Microwave 37333.3 3574.2 3256.1 [16] 
BrN3 MP2 32375.23 2373.47 2211.35 Present 
TZVP Study 
IN3 MP2 29447.96 1849.09 1739.84 Present 
DZP Study 
MP2 32445.48 1864.61 1763.28 Present 
TZVP  Study 
Table 5.1 Experimental and Theoretical Rotational Constants of the Halogen Azides (only for 
CI and 7913r) 
The derived molecular structures for the halogen azides are compared with other 
theoretical and experimental studies in Table 5.2. The values for FN3 agree well with 
those of previous studies at the same level of theory, but the results obtained at the 
MP2 level of theory have much closer agreement with the experimental values; the 
calculations at the BF level have a significant error associated with them; indeed, if 
no polarisation functions are used, then the F-N bond length in FN 3 is calculated in 
the range 1.45-1.46Ang. [11,12]  The size of the basis set used in this study is larger 
than that used in any of the other studies, but this does not appear to change the 
results significantly. 
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Molecule Method ri r2 r3 a! a2 Reference 
FN3 
 BF 1.383 1.253 1.010 103.8 180 (ass) [12] 
631G* 
HF 1.383 1.263 1.103 104.2 174.7  
6-31G 
1-IF 1.3819 1.2535 1.0995 104.3 174.1 [9] 
6-31 G 
MP2 1.434 1.280 1.152 102.5 180  
6-31 G* 
MP2(ECP) 1.441 1.293 1.161 103.3 172.4 [11] 
6-31G 
MP2 1.4321 1.2824 1.1541 103.8 171.6 [9] 
6-31 G* 
MP2 1.4279 1.2704 1.1407 104.2 172.2 Present 
TZVP  Study 
Fmcrowave 1.444 1.253 1.132 103.8 170.9 [9] 
CIN3 SNDO1 1.698 1.349 1.110 105.1 172.7 [20] 
SCF 1.734 1.247 1.098 109.0 174.1 [18] 
6-31 G* 
MP2(ECP) 1.767 1.278 1.167 108.1 171.7 [11] 
6-31G 
MP2 1.766 1.255 1.147 108.7 171.6 Present 
TZVP  Study 
Microwave 1.745(5) 1.252 1.133 108.6(5) 171.9(5) [16] 
(10) (10)  
BrN3 MP2 1.915 1.252 1.149 109.4 171.7 Present 
TZVP  Study 
MP2(ECP) 1.919 1.274 1.170 108.5 171.9 [11] 
6-31G 
1143 MP2(ECP) 2.095 1.268 1.175 111.2 171.8 [11] 
6-31G 
MP2(ECP) 2.120 1.255 1.165 106.6 169.6 [26] 
6-31 G* 
MP2 2.0959 1.2666 1.1727 109.9 171.9 Present 
DZP  Study 
MP2 2.0597 1.2477 1.1568 111.8 171.0 Present 
TZVP 1  Study 
ED 2.120 1.260 1.147 106.6 169.6 [22] 
(10) (13) (13) (11) (30)  
Table 5.2 Experimental and theoretical structural parameters for the halogen azides 
For C1N3, Table 5.2 shows that the semiempincal SINDO1 method used by Jug et 
a!1201 gives a very poor agreement with the experimental values of Cook et a! 1161 . The 
calculations using the ab initlo HF and MP2 levels of theory give much better 
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agreement with the experimental values; with the values in this present study being 
particularly close for all parameters. 
The present values calculated for BrN 3 show close agreement with those calculated 
previously[" ] . For IN3, the theoretical results of Otto E1  are closer to the present 
DZP results, and both appear to have better agreement with the bond lengths 
obtained experimentally; while the present TZVP study shows better values for the 
bond angles. However, the ED results were (a) calibrated with the SCF calculated 
data and (b) have large error bars associated with the angles in particular. A summary 
of the equilibrium structures is shown in Figures 5.2-5.5. 
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Figure 5.3 Structure of CIN 3 
- X 109.92.0 	
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Figure 5.4 Structure of BrN 3 	 Figure 5.5 Structure of IN 3 
The following drawings (Figure 5.6-5.9) show the molecules in their inertial axis 
(a,b) frames, with the dipole and quadrupole moment directions shown. These 
moments are discussed below. 
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b 
IM 
Figure 5.6 The fluorine azide molecule in the inertial axis frame, showing the dipole and 
quadrupole moment directions. 
Cl 
121 
Figure 5.7 The chlorine azide molecule in the inertial axis frame, showing the dipole and 
quadrupole moment directions. 
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N 
Figure 5.8 The bromine azide molecule in the inertial axis frame, showing the dipole and 






Figure 5.9 The iodine azide molecule in the inertial axis frame, showing the dipole and 
quadrupole moment directions. 
5.2.1.2 The variation of bond lengths with structure. 
We now consider what the effect of change of the halogen on the halogen azide bond 
lengths and angles. The hydrogen and methyl pseudohalides studied with the same 
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methodology as the present work, TZVP basis set and MP2 level of theory, have 
been previously reported [29,301  and the relevant results are repeated here in Table 5.3. 
Compound IIN(rl) N=X(r2) X=Y(r3) RNX(al) NXY(a2) 
HN3 1.0160 1.2430 1.1468 110.18 170.62 
HNCO 1.0017 1.2180 1.1729 126.27 171.92 
HNCS 1.0008 1.2074 1.5751 136.08 173.84 
Table 5.3 Bond lengths and angles in hydrogen pseudohalide series [29,30] 
The N-Halogen bond (ri) vanes in a major way as the halogen changes from F to I; 
this is a direct effect of the differences in covalent bond lengths of the halogens: the 
set of covalent radii for the present atoms are: N(0.70), F(0.64), Cl(0.99), Br(1. 14) 
and I(1.33Ang.). These led to predicted values for the bonds as F-N 1.34, CI-N 1.69, 
Br-N 1.84 and I-N 2.03 Ang. The equilibrium values for the present calculations lead 
to the values 1.482, 1.766, 1.915 and 2.096 Ang. respectively. The differences are 
large, 0.140, 0.076, 0.075 and 0.066 Ang., and these are best interpreted as an 
indication that fluorine azide has a small amount of ionic character, in the sense F(-) 
N3(+) in contrast to X(+) N3(-) for the X = Cl,Br,I cases, with the amount varying 
with the electronegativity of the halogen. The Mulliken populations are discussed 
below, but generally agree with this conclusion, as do the halogen quadrupole 
coupling constants (also below). 
When the data for other bonds lengths in the azides (Tables 5.2, 5.3) are taken for the 
series from F to I, using the set of calculations performed at the same manner 
(TZVP+MP2), it shows that r2 varies from 1.270 to 1.247, r3 from 1.141 to 1.157 
Ang.; similarly, the angle XNN changes from 104.2 to 111. 8, and angle NNN from 
172.2 to 171.0 degrees. All these changes are small, but the fact that they are 
consistent makes them likely to be reproduced in future experimental work. The data 
for hydrogen azide is most similar to iodine azide. In all cases, the difference 
between the Cl and Br data is small, with larger changes in the F and I compounds. 
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11\ 0 
	
No®   
Figure 5.10 Canonical Structure I 
	
Figure 5.11 Canonical Structure 2 
There is a significant difference in the two NN bonds(r2 and r3) in all these series of 
compounds, azides, isocyantes and isothiocyanates. One explanation of this is given 
by the two canonical structures of RN 3 , shown in Figures 5.10 and 5.11. Structure 1 
in the resonance hybrid shows the two N=N bonds equal in length; however, 
structure 2 in the resonance hybrid, leads to a lengthening of r  but a shortening of 
r2. A consequence of this assignment is that in the series RN3, where R = F, Cl, Br, 
and I, these changes should be continued along the series. So that as R changes from 
F to Tin series then the importance of structure 2 in the hybrid structure will decrease 
due to the decreased electron attracting power of the other halogens. 
Table 5.4 shows the ratios of bonds r2 and r3; this indicates that the ratio of these 
bonds decreases quite markedly when going from F to Cl. The ratios then appear to 
become more stable as we progress through the halogens, with CF3 similar to Br. The 
value for HN3 [25]  is closest to that for 114 3 , in agreement with the charge distribution, 
while the value of the ratio for methyl [261  where the methyl group is a stronger 
electron donor, is even smaller. Thus, overall, the ratio of r2/r3 is a function of the 
degree of electron withdrawal or donation from the a.zide group. 
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CH3N3 	 1.072 
C113CH2N3 	 1.072 
Table 5.4 Ratios of Bonds ri (RN) and r2 (N aNp) in the azides showing the effect of electron 
withdrawal or donation. 
5.2.2 Isocyanates 
Fluorine isocyanate (FNCO) has not been synthesised to date, but chlorine 
isocyanate has been prepared by thermal decomposition of the N-trichloro derivative 
of 1,3,5-triazine-2,4,6-trione ((C1NCO) 3); this is a general type of reaction for the 
cleavage of the triazines into 3 smaller moleculest311.  Iodine isocyanate has been 
known since the 1930's and is obtained by reaction of iodine with silver 
cyana&32' 33];  although the same reaction with bromine replacing iodine seems more 
problematic, it can be achieved at low t emperaturet341 . 
There have been several theoretical studies [10, 3 5-39] into the structure of FNCO; 
the earliest was by semi-empirical methods using CNDO/2 [35],  and was important 
since it was one of the first demonstrations of equilibrium geometries for RNXY 
where the NXY angle was found to be nonlinear. This had been found 
experimentally for the C1NCO molecule only shortly before. The limitations of the 
method were demonstrated by the failure to obtain a minimum energy for CINCO at 
all, however. Such a problem was not found with the UNDO method, where both 
FNCX and C1NCX (X=O,S) °' gave non-linear structures as energy minima for all 
compounds. Two of the above studies for FNCO and CINCO were directed towards 
the energy difference between the isocyanates (R-N=C=O) and the cyanates (R-O-
CN) at equilibriumt36381.  Generally the isocyanates were found to be the more stable 
in the study with larger bases and higher methodology (MP2, MP4 and CISD) 38 . 
The degree on non-linearity in the N=C=O group for the fluoro and chioro 
compounds seems to be a variable, depending on both basis set and 
methodology 38'391 . 
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There are a number of microwave spectral investigations into the halogen 
isocyanates. Three isotopic variations of C1NCO have been studied ("Cl, 37C1 and 
180) and were analysed to obtain both the nuclear quadrupole coupling constants 
(below) at the halogen, and also to obtain the substitution structure (r) [40-42] 
Similarly microwave studies of bromine isocyanate 43" and iodine isocyanate 451 
have yielded partial structures for each molecule. The lack of additional isotopic 
spectra in these cases, has led to the adoption of assumptions about the structure, and 
then deriving a structure which will fit the rotation constants. Thus for INCO, the 
assumption was that the N-C and C-0 bond lengths are as in Cl-NCO. The 79Br/81Br 
and 127j  quadrupole coupling was interpreted in terms of 12% and 23% of the ionic 
resonance form with positive halogen, namely Br/I(+) NCO(-) [45,46]  The infrared 
spectra of these compounds XNCO (X= Cl, Br, I) have been obtained [46,47]  and this 
is discussed below. There have been a number of studies of the photochemistry of the 
halogen isocyanates which leads to X + NCO, and in which the electronic state of the 
fragments is of importance [48-51]  These aspects lie outside the present work. 
In general there is very good agreement between the calculated and experimental 
values of the rotational constants, with the difference being less than 1 % (Table 5.5). 
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Molecule Method A (MHz) B (MHz) C (MHz) Reference 
FNCO MP2 TZVP 59778.23 4936.616 4560.038 Present 
Study 
35C1NCO MP2 TZVP 51590.307 3050.83 2880.49 Present 
Study 
Microwave 51561.0 3130.68 2945.17  
Microwave 51576.21 3130.588 2945.171  
___  (13) (6) (5)  
79BI-NCO MP2 41151.00 2130.43 2025.56 Present 
TZVP Study 
Microwave 41188.71 2175.6311 2063.1025 [43] 
(23) (13) (11)  
1271NC0 MP2 41192.52 1649.30 1585.81 Present 
DZP  Study 
TZVP 45740.42 1639.55 1582.81 Present 
MP2 Study 
Microwave 40601.485 1704.98953 1633.90600 [45] 
(33) (44) (39)  
Table 5.5 Experimental and Calculated Rotational Constants 
A comparison (Table 5.6) of the bond lengths and angles obtained by the present 
study and those of previous theoretical and experimental structures show significant 
differences at the different levels of theory, especially for FNCO where there is no 
experimental data,. One CNDO method predicts the ground state for FNCO to be a 
triplet state 371 , whereas another does flOt 311 . However, CNDO severely 
underestimates the length of the F-N bond in FN3, so it can be presumed that the 
value for the F-N bond in FNCO will be inaccurate as well. The size of the F-N-C 
angle by CNDO methods is over 20° larger than any of the values calculated using 
the MP2 level of theory. Again comparing this to the experimental value for FN 3 
where the F-N-N angle has an experimental value of 103.8° it is fairly safe to assume 
that the value of the corresponding angle in FNCO will be larger than this value but 
not by 30°. The equilibrium structures in the a,b-inertial axis frame with the dipole 
and quadrupole moments is shown in Figures 5.12-5.15. These are discussed further 
below. 
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F 
Ell 
Figure 5.12 The equilibrium structure for fluorine isocyanate in the inertial axis frame, 
showing the dipole and quadrupole moment axes referred to below. 
Cl 
Figure 5.13 The equilibrium structure for chlorine isocyanate in the inertial axis frame, 
showing the dipole and quadrupole moment axes referred to below. 
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I' 
Eel 
Figure 5.14 The equilibrium structure for bromine isocyanate in the inertial axis frame, 




Figure 5.15 The equilibrium structure for iodine isocyanate in the inertial axis frame, showing 
the dipole and quadrupole moment axes referred to below. 
There is an increase in the calculated values of the N-C-O angle as the basis set and 
level of theory increase (Table 5.6), with the angle moving further away from 
linearity in the more refined methods. Of all the calculated results, the present study 
has by far the best all round agreement with the experimental values V051,  especially 
the values for the N-C-O angle and the N-C and C-O bond lengths. There is a very 
good agreement between the values calculated for BrNCO in this study and the 
results of Jemson et a! j441  However, they assigned values for the N-C and C-O 
bonds in BrNCO to be the same as those for CINCO. A similar approach was 
employed in analysis of the vibrational spectra of various 15N, ' 3C and 180  labelled 
BrNCO1471 . However, the results are of low precision, and do not add to the 
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microwave results. In a similar way, the lack of isotopic data for INCO again led to 
the use of C1NCO structural data, and various structures were determined which 
fitted the rotation constants, for a variety of NCO angle 451 . The most plausible is 
shown in Table 5.6. In general the agreement between the present calculations is 
better than previous studies, and is performed at a constant level for all the 
compounds. The results are summarised in Figures 5.16-5.19. 
Molecule Method ri r2 r3 a! a2 Reference 
(XN) (N=C) (C=O) (XNC) (NCO)  
FNCO CNDO/2 1.25 1.26 1.23 134.8 165.4 [31] 
CNDO 1.245 1.275 1.230 121.9 190.8  
SCF 1.338 1.278 1.181 113.8 167.7 [36] 
STO-3G 
MP2 1.419 1.262 1.177 110.6 169.0  
6-31G* *  
MP2 1.411 1.256 1.165 111.4 169.3 Present 
TZVP Work 
CINCO CNDO/2 1.58 1.26 1.23 118.2 176.1 [31] 
(ass)  
SCF 1.694 1.217 1.141 120.2 173.8 [38] 
6-31 G* 
SCF 1.801 1.283 1.177 108.2 170.8 [36] 
4-31G 
MP2 1.709 1.241 1.181 121.9 169.7 [38] 
6-3 1G* 
MP2 1.7265 1.2365 1.1697 119.3 170.48 Present 
TZVP Work 
MW 1.703(11) 1.218 1.165 119.4 171.4  
(12) (8) (10) (15)  
MW 1.705(5) 1.226(5) 1.162 118.8 (5) 170.8 (5)  
(5)  
BrNCO MP2 1.8740 1.2372 1.1702 117.5 171.53 Present 
TZVP Work 
MW 1.863 1.225 1.162 116.7 170.87  
INCO MP2 2.041 1.243 1.186 121.1 172.0 Present 
DZP Work 
MP2 2.0292 1.2278 1.1728 123.8 172.3 Present 
TZVP Work 
MW 2.032 1.225 1.162 119.7 170.8  
(ass)  
Table 5.6 Calculated and Experimental Structural Parameters 
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Figure 5.16 Structure of FNCO 
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Figure 5.18 Structure of BrNCO 
	
Figure 5.19 Structure of INCO 
We turn now to small differences between the compounds. In order to compare the 
four halogeno-isocyanates, we use the same TZVP+MP2 procedure for the 
equilibrium geometries as used in the corresponding azides. The results are shown in 
Figures 5.16-5.19. The X-N (X= halogen) bonds are always shorter in the 
isocyanates than the azides, but by only small amounts. The difference increases in 
the series from F (most similar) to I (most different). The series F to I shows a slight 
shortening of the value of r2 (NC) and lengthening of r3 (CO). Similarly, the angle 
X-N-C and the N-C-O both increase in the same order.As was found for the 
halogeno-azides, the ratio of the r2/r3 bonds varies across the halogens in the 
halogen-isocyanates (Table 5.7). Although all these changes are small, these arise in 
calculations which were performed independently for each molecule, and there is 
hope that they may be observed experimentally in future work. 
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Table 5.7 Comparison of the bond length N=C/C=O ratios for the isocyanates (TZVP+MP2) 
5.2.3 Isothiocyanates 
The halogen isothiocyanates are the least studied of this series, both experimentally 
and theoretically; the only case where there is a microwave study of the rotational 
constants is of chlorine isothiocyanate 52 . The present TZVP+MP2 results for the 
rotation constants for C1NCS are reasonably close to those found experimentally 
(Table 5.8). For INCS, the TZVP and DZP basis sets lead to a significant difference 
in the INC angle (Table 5.9), which is the principal reason for the large change in the 
rotation constants across the basis sets. 
Molecule Method A (MHz) B (MHz) C (MHz) Reference 
FNCS IvIP2 54060.10 2800.58 2662.64 Present 
TZVP work 
35C1NCS MP2 48693.43 1756.56 1695.40 Present 
TZVP Work 
__________ Microwave 50230 1773 1712 [52] 
79BrNCS MP2 36809.12 1196.21 1158.56 Present 
TZVP work 
MP2 36672.16 1185.86 1148.71 Present 
TZVP work 
INCS IvlP2 44460.14 904.87 896.82 Present 
TZVP work 
MP2 36343.71 923.35 900.48 Present 
DZP Study 
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Molecule Method ri (XN) r2 (NC) r3 (CS) al (XNC) a2 (NCS) 
FNCS MP2 1.4128 1.2474 1.5589 113.5 171.3 
TZVP 
CLNCS MP2 1.7197 1.2284 1.5668 124.3 172.1 
TZVP 
BrNCS MP2 1.8691 1.2295 1.5669 122.3 172.6 
TZVP 
1NCS MP2 2.0386 1.2394 1.5742 125.5 172.6 
DZP 
MP2 2.0188 1.2198 1.5716 131.0 173.7 
TZVP 
Table 5.9 Calculated Structures for the Halogen Isothiocyanates 
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Figure 5.22 Structure of BrNCS 	 Figure 5.23 Structure of INCS 
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FN3 1.1136 FNCO 1.0776 FNCS 0.8000 
C1N3 1.0947 C1NCO 1.0572 C1NCS 0.7840 
BrN3 1.0891 BrNCO 1.0573 BrNCS 0.7847 
iN3 1.0785 INCO 1.0469 INCS 0.7762 
HN3 1.0839 HNCO 1.0385 HNCS 0.7666 
C113N3 1.0723 C143NCO 1.0226 CH3NCS 0.7566 
EtN3 1.0720 EtNCO 1.0249 EtNCS 0.7566 
CF3N3 1.0890 CF3NCO 1.0511 CF3NCS 0.7832 
Table 5.10 Ratio of the N=CIC=X bonds in the azide, isocyanates and isothiocyanates 
Although there is very little experimental data on the isothiocyanates, the present 
calculated results show the same internal consistency of the a.zides and isocyanates 
(Table 5.10). Thus the X-N bond lengths are further shortened relative to the 
isocyanates and the azides, although the differences are smaller than those for the 
azide/isocyanate pairs. The series from F to I in the isothiocyanates show the 
progressive shortening of r2 (NC) and lengthening of r3 (CS), while the angle XNC 
rises sharply, and the NCS angle rises slowly across the series. The ratio of r2/r3 
decreases from F to I in the isothiocyanates as well. The effect of a CF3 group in all 
three series is the same as a Cl or Br atom, showing that the effect is based upon 
electron release from the substituent (X) decreasing the r2/r3 ratio, and electron 
withdrawal increasing it. 
5.3 Vibrational Frequencies 
5.3.1 Azides 
There have been a number of theoretical and experimental studies into the halogen 
azides and their vibrational frequencies. The convention of labelling the frequencies 
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VI to v6 high to low frequency, and in-plane (A') before out-of—plane (A"). In some 
cases, more than one frequency is given for a particular experimental band; this 
probably reflects unresolved rotational structure, or occasionally overtones from a 
lower frequency also being present at a similar frequency to the fundamental [8]•  The 
calculated vibration frequencies are harmonic, while the experimental values are 
anharmonic. Hence, some difference between the calculated and experimental values 
is to be expected. In this Section, the symmetry assignments for the respective 
frequency are given (Table 5.11). Only the results for the 35 C and 7913r isotopes are 
given. The results with smaller bases such as DZP + MP2 (double zeta + 
polarisation) replacing the TZVP one, lead to relatively small differences in 
frequency; for example for IN 3 the DZP frequencies are 2283.63, 1206.15, 669.54, 
432.92, 161.26 (all A'), and 506.79 (A"). 
For all the molecules, the out-of-plane vibration (A") frequency increases as the 
halogen increases in size (and weight); this contrasts with the nearest in-plane 
frequency (v4) which decreases in frequency in this series. The present values for 
FN3 harmonic frequencies are similar to those reported previously from 6-31 G* + 
MP2 calculations [9]•  Over the series of XN3 molecules, the present results are 
somewhat closer to the experimental values than those of Otto eta! [111,  reflecting the 
larger basis sets. Thus v 3 and v4 are nearly degenerate in BrN3 and have crossed over 
in the sequence for IN3 (Figure 5.24). This is in agreement with previous work by 
Otto 1h11  The intensities also show systematic variations across the XN3 series. Two 
frequencies increase in intensity from X=F to I (vi and v2 ), three decrease (v 3,v4 and 
v5), while the out-of-plane frequency is largely unchanged. 
Molecule TZVP+MP2 present work MP2IECP 
6-31G 
Exptl IR 




V 1 A' 2380.77 171.29 2405 2037.0 
V2 A' 1145.94 3.95 1151 1090.0 
V3 A' 911.01 58.56 948 873.5 
V4 A' 677.37 6.01 690 658.0 
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V5 A' 245.05 5.75 247 241.0 
V6 A" 451.22 1.80 494 504.0 
CIN3 TZVP+MIP2 present work 1111 [17] 
v 1 A' 2348.66 323.88 2382 2060 
V2 A' 1196.99 32.11 1202 1144 
V3 A' 744.06 10.92 757 724 
V4 A' 564.81 0.88 574 545 
V5 A' 204.01 3.02 212 223 
V6 A" 473.55 2.27 511 522 
BrN3 TZVP+MP2 present work [h1j [171 
V I A' 2317.17 396.95 2348 2053 
V2 A' 1205.52 41.21 1208 1160 
V3 A' 703.75 6.37 769 687 
V4 A' 480.93 0.44 520 530 
v5 A' 180.59 2.10 213 
V6 A" 477.88 1.90 627 
IN3 TZVP+MP2 present work [11] [531 
V I A' 2243.94 525.28 2307 2050 
V2 A' 1224.84 55.49 1228 1222 
V3 A' 659.88 5.34 679 
V4 A' 453.22 2.26 429 400 
V5 A' 159.96 2.32 164 
V6 A" 490.03 1.88 524 
Table 5.11 Experimental and calculated harmonic frequencies for the halogen azides. 
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Harmonic Frequencies 
(v1 to v5 (A') and v6 (A")) 
Figure 5.24 The harmonic frequencies for the halogen azides. 
5.3.2 Isocyanates and Isothiocyanates 
Experimental studies into the vibrational frequencies of the halogen isocyanates are 
available for CINCO [46]  and BrNCO [46,47]  and 1NCO 461 . There are no spectra of the 
isothiocyanates, although the thiocyanates (XSCN) have been recorded [46]•  The 
frequencies calculated and the theoretical intensities are compared with the 
experimental results which include the integrated intensities for several of the 
compoundsi461 in Table 5.13. In general the agreement with the observed data is good 
both in the frequencies and intensities. In the case of C1NCO the calculated and 
observed frequencies differ for v 3 rather more than the other values for all 
compounds. For BrNCO the calculated value for v 3 is very close, and this suggests 
that v3 may be subject to a perturbation in the experimental spectrum, an effect not 
possible in the harmonic frequency. A number of combination bands have been 
observed in these compounds. 
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Molecule TZVP+MP2 present work 




V1 A' 2243.82 423.10 
V2 A' 1283.00 0.45 
V3 A' 886.38 63.71 
V4 A' 677.37 6.90 
V5 A' 207.02 12.63 
V6 A" 536.32 16.65 
Table 5.12 Experimental and Calculated Vibrational Frequencies for FNCO. 
Molecule TZVP+MP2 present work Experimental IR 
[461 








V1 A' 2283.33 749.79 2212.2 93.8 
V2 A' 1332.21 6.91 1306.6 0.5 
V3 A' 911.01 58.56 707.7 2.9 
V4 A' 677.37 6.01 607.7 0.0 
V5 A' 245.05 5.75 - - 
V6 A" 451.22 1.80 559.0 2.8 
BrNCO 
V 1 A' 2276.45 837.08 2198.0 93.9 
V2 A' 1318.34 11.80 1306.6 0.5 
V3 A' 680.57 17.25 687.7 1.5 
V4 A' 523.16 0.24 - - 
V5 A' 133.43 6.63 - - 
V6 A" 567.14 16.67 569.9 3.3 
INCO 
V 1 A' 2301.42 1082.61 2201.1 95.9 
V2 A 1346.60 14.42 1298.1 1.3 
V3 A' 639.25 18.38 667.0 1.0 
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V4 A' 476.65 4.21 462.3 0.1 
V5 A' 101.55 7.76 - - 
V6 All 578.21 18.14 583.3 1.7 
Table 5.13 Experimental and Calculated Vibrational Frequencies for the Halogen 
Isocyanates 
Although comparison has been made with the wider study [46],  a more detailed study 
of BrNCO including various isotopomers, Ar/Ne matrix and Raman spectra [471, 
shows significant differences between the observed positions of the band origins 
across the various samples and methods. A summary of these different experimental 
studies for BrNCO is shown in Table 5.14. The experimental frequencies can clearly 
vary by up to 30 cm-1 depending upon the method and phase. A correlation of the 33 
IR frequencies against the calculated TZVP+MP2 data yields a correlation 
coefficient of 0.9948, and standard errors in slope and intercept of 0.0164 and 21.27 
cm 1 respectively. The equation is v jR = 0.8929 vcajc + 64.07. The only experimental 
vibrational frequency which seems unexpected in its position is v3 for C1NCO, where 
the band is very low compared with that to fit the correlation. For most of the 
compounds, v3 and v4 differ by about 150 - 200 cm -1 ; for C1NCO they are only 100 
cm' apart. 
There have been no experimental or theoretical studies into the vibration frequencies 
of the halogen isothiocyanates, so that the present values (Table 5.15) are predictions 
of the harmonic frequencies. 
BrNCO TZVP 
+MIP2 






V I 2276 2198.0 2196.0 2191.9 2168 
V2 1318 1306.6 1290.9 1296.9 1284 
V3 681 687.7 691.1 686.6 684 
V4 523 - 506.0 - 490 
V5 133. - 137.4 - 150 
V6 567 569.9 572.2 563.1 560 
Table 5.14 A comparison of the various frequencies assigned for BrNCO 
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Molecule Symmetry 
Assignment 









V i A' 1867.21 1973.98 1963.29 2016.99 
V2 A' 1011.92 990.62 961.71 968.10 
V3 A' 783.45 607.41 566.88 512.50 
V4 A' 574.19 494.27 441.51 399.26 
V5 A' 173.03 124.51 103.68 83.62 
V6 A" 408.29 426.66 431.73 441.72 
Table 5.15 Experimental and Calculated Vibrational Frequencies for the Halogen 
Isothiocyanates 
5.4 Charge distribution in the halogen substituted azides, isocyanates 
and isothiocyanates. 
The electronic charge distribution is usually determined from the Mulliken atomic 
populations, and these are shown in Table 5.16. The atoms are labelled A-N=X=Y 
where A is the halogen, X = N or C, and Y = N, 0 or S. All data was obtained with 
the TZVP basis set at the MP2 level, so the results are directly comparable. The data 
are converted to a set of atomic charges, using the atomic numbers, and the results 
are shown in Figures 5.25 to 5.36. 
Molecule A N X Y 
FN3 9.1522 7.0289 6.8513 6.9674 
C1N3 16.9599 7.1838 6.8652 6.9909 
BrN3 34.9497 7.2042 6.8531 6.9928 
IN3 52.6927 7.4978 6.5355 7.2741 
FNCO 9.1339 7.0889 5.6404 8.1366 
C1NCO 16.9348 7.2564 5.6406 8.1680 
BrNCO 34.9338 7.2617 5.6302 8.1741 
INCO 52.7588 7.4270 5.6417 8.1725 
FNCS 9.1362 7.0372 5.9063 15.9203 
C1NCS 16.9261 7.2023 5.8887 15.9828 
BrNCS 34.9287 7.2000 5.8832 15.9880 
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INCS 	52.7429 	7.3609 	5.8728 	16.0234 
Table 5.16 Table of Mulliken Charge Distributions for all of the Pseudo Halides. 
	
-0.1522 	 -i0.1487 
F N 	N N 
-0.0289 -*0.0326 
Figure 5.25 Charge Distribution of FN 3 
-4.0.0503 	 -*0.1469 
Br N 	N 	N 
-0.2042 -40.0072 
Figure 5.27 Charge Distribution of BrN 3 
+0.0401 -*0.1348 
CI N N N 
-0.1838 +0.0091 
Figure 5.26 Charge Distribution of CIN3 
+0.3073 	 -*0.4645 
I N 	N 	N 
-0.4978 -0.2741 
Figure 5.28 Charge Distribution of IN3 
-0.1339 -*0.3596 
F N C 0 
-0.0889 -0.1366 
Figure 5.29 Charge Distribution of FNCO 
40.0662 	 40.3698 
Br N 	C 0 
-0.2617 -0.1741 
Figure 5.31 Charge Distribution of BrNCO 
-0.1358 -*0.0938 
F C S N 
-0.0373 +0.0795 
Figure 5.33 Charge Distribution of FNCS 
+0.0713 	 -i-0.1168 
Br N 	C 	S 
-0.1998 +0.0120 
Figure 5.35 Charge Distribution of BrNCS 
-*0.0652 -i-0.3594 
CI N C 0 
-0.2564 -0.1680 
Figure 5.30 Charge Distribution of CINCO 
-4-0.2412 	 40.3583 
I N 	C 0 
-0.4270 -0.1725 
Figure 5.32 Charge Distribution of INCO 
-*0.0739 #0.1113 
CI S N C 
-0.2023 +0.0172 
Figure 5.34 Charge Distribution of CINCS 
+0.2571 	 -*0.1272 
I N 	C 	S 
-0.3609 -*0.0234 
Figure 5.36 Charge Distribution of INCS 
Mulliken atomic populations and the net atomic charges derived from them are not 
the only way of analysing a particular wavefunction. A number of other methods are 
available, and a direct comparison of some of these has recently been reported 154 . 
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Linear correlations were obtained between Mulliken populations [55-58]  and Lowdin 
1591, Natural Atomic Orbital (NAO) [60,61]  and Atoms in Molecules (AM 621 electron 
distributions, where the same wavefunction was analysed by each method. 
Generally, the AIM local atomic charges were much higher than the other methods. 
Some results for related molecules are shown in the Table 5.17. 
It can be seen that the C=O group in particular has a very high polarity by the AIM 
method. Also, in the AIM results, the N-atom seems better able to attract electrons 
from an adjacent C=O group than from an N=N group, which seems unreasonable In 
contrast, for ozone, the values are much more reasonable (see Chapter 2). Overall, 
therefore we continue with the Mulliken charges. 
Molecule A N X V 
HN3IMu11. 0.254 1 -0.3492 0.1170 -0.0220 
HN3/AIM 0.4245 -0.4059 -0.0887 0.0697 
HNCO/Mull. 0.2744 -0.4147 0.3613 -0.2210 
HNCO/AIM 0.4724 -1.2849 1.9091 -1.0964 
HNCS/Mull. 0.2864 -0.3404 0.1199 -0.0660 
HNCS/AIM 0.4917 -1.2960 0.3173 0.4170 
Table 5.17 Mulliken versus AIM charge distributions for hydrogen pseudohalides. 
In the diagrams of Figure 5.25-5.36, there are a series of consistent effects of the 
halogens and other groups. The charge on the halogen is fairly similar for a particular 
halogen (F, Cl or Br) for each of the azide, isocyanate and isothiocyanates, with 
halogen charges of near —0.14(F), +0.06(Cl and Br) +0.26 e (I). In the fluoro-series 
of azide, isocyanate and isothiocyanate, the F-atom is an electron acceptor by about 
0.140 e; this has the effect of removing the same charge from the adjacent N atom; 
leading to a bond dipole [63,  The charge distribution in the iodo compounds is very 
similar to the hydrogen series, and this matches with the similarity in the geometrical 
structures of the two series. 
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5.5 Molecular Properties 
The following Sections show the results of analysis of the molecular electronic 
wavefunction, usually determined at the TZVP+MP2 level, which allows 
comparisons to be made between molecules. These are the so-called 1-electron 
properties, which include the moments, dipole and quadrupole etc, and the nuclear 
quadrupole coupling constants, which are linearly related to the electric field 
gradients. None of these properties require the use of the 2-electron integrals; hence 
their name. Several of these moments and the halogen and nitrogen quadrupole 
coupling constants have been measured by microwave spectroscopy in particular; 
thus comparison with experiment is important, and predicting reliable values where 
there is still no experimental data. 
5.5.1 Dipole Moment 
The dipole moments have sign, direction and magnitude; if the electronic term of the 
dipole moment is positive, the dipole moment is positive. For H-F and related 
diatomic molecules lying along the z-axis, with the charge distribution H - F this 
corresponds to a positive dipole moment. For the halogen azides, isocyanates etc, it 
is convenient to choose the N-halogen bond as the reference point for the direction, 
which means that directions can be positive or negative with respect to this bond. We 
choose an angle clockwise from the A-N bond towards the terminal N/OIS atom to 
be positive. 
In general comparisons between molecules which lead to systematic trends are 
probably more reliable than any one dipole moment value. Generally, TZVP+MP2 
optimised structures give dipole moments accurate to about 0.2 Debye, but for some 
compounds the error can be nearly twice that value[65]. 
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5.5.1.1 Azides 
There has been one joint theoretical and experimental study of a dipole moment for 
FN3 [9]  and one theoretical investigation on the dipole moment of ClN 3 191 ; there are 
no previous studies of either BrN3 or IN 3 . The present calculations, all at the same 
TZVP basis set (for the N-atoms) and methodology level (MP2), show that the signs 
and directions of the dipole moments in the halogeno-a.zides are not constant. Thus 
the FM3 dipole moment is in the opposite direction to the other three compounds, and 
this leads to a progression of the dipole moments from F to I, with the negative end 
towards F, and N for the other three compounds. In fact there is a close linear 
relationship between the electronegativity of the substituent (x) in the azide (H or 
halogen) and the molecular dipole moment. The electronegativity is in the Mired-
Rochow scale, with slightly differing values for the other series. For the 5 
compounds, XN3 (XH,F,Cl,Br,I) there is a linear correlation of form 1Ca10 = 4.5169 
x +5.0435, with standard errors in slope and intercept of 0.0849 and 0.2449 
respectively, and correlation coefficient of —0.9953. On this basis, the dipole moment 
of the substituted azide would be zero for an electronegativity of 3.2 units; this would 
correspond to X being either an NH 2 or HO group An increase in the 
electronegativity of the substituent by one unit, leads to a negative shift in the dipole 
moment by 1.5 debye. 
Molecule Method Dipole (D) Electronegativity of 
XinXN3  
Reference 
FN3 MP2 TZVP (-)1.1520 4.10 Present 
Work 
MP2631G* 1.68 [9] 
Microwave 1.3 [9] 
C1N3 MP2 TZVP (+)0.6604 2.83 Present 
Work 
SCFDZ 0.48 [19] 
BrN3 MP2 TZVP (+)0.9396 2.74 Present 
Work 
IN3 MP2 TZVP (+)1.55 11 2.21 Present 
Work 
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HN3 MP2 TZVP (+)2.0119 2.1 Present 
Work 
Table 5.18 Dipole Moments for the Halogen Azides 
The errors associated with the calculation of Christen et a! [9]  for FN3 are larger than 
those of the present study. The calculated dipole moment obtained for C1N3 differs 
significantly from that calculated by Kosmus et al [19]  but since both the basis set and 
the level of theory used in this study are higher than Kosmus, there is reason to hope 
that the present value will be in closer agreement with experimental values. 
As well as the overall dipole moment being calculated, the g a and J.tb components of 
the dipole moment have also been calculated in order to compare with the individual 
experimental values for FN3 and to predict the values for the other azides. Because of 
the variation in the mass of the halogen, the inertial axes move over a wide angle for 
the compounds, so that the proportions for 9A  and .LB vary considerably. The results 
can be seen in Table 5.19. 
Molecule Method Pa (B) jal, (I)) Reference 
FN3 MP2 TZVP 1.1371 0.1850 Present Work 
MP2 631G* 1.62 (-)0.44 [9] 
Microwave 1.1 0.7 [9] 
C1N3 MP2 TZVP 0.1397 0.6454 Present Work 
BrN3 MIP2 TZVP 0.6889 0.6390 Present Work 
iN3 MP2 TZVP 1.4545 0.5390 Present Work 
Table 5.19 The Inertial Axis components of the Dipole Moment 
Table 5.19 shows that for FN3 the calculated results of Christen et a! [9]  have a very 
poor agreement with experimental values; however the results from the present study 
for the j component agree very well with experiment, but the .tb component has 
poorer agreement. However the microwave spectrum only gives the magnitude of the 
dipole moment components, this means that the signs for each must be assumed. 
There are no experimental studies for C1N 3 , BrN3 or iN3 . 
The dipole moment for the halogeno-azides varies greatly across the series (Figures 
5.6-5.9). For IN3 it makes an angle of about 122.3 degrees from the F-N bond, and 
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lies towards the position of the terminal N-atom (N 4). For C1N3, the dipole moment 
nearly bisects the CINN angle, and lies 41.8 degrees from the CI-N axis, and towards 
the terminal N-atom. For BrN3 and ]N3, the dipole moment lies close to the Br-N or 
I-N bonds; however, these dipoles lie on opposite sides to the halogen-N bond 
leading to angles +11.5 degrees for BrN3, while for IN3 it is —7.4 degrees. 
5.5.1.2 The Halogeno-isocyanates 
Replacement of the =N=N group of the azides by =C=O in the isocyanates, leads to 
no major change in mass, both being nominal 28 amu. Thus the inertial axes for 
corresponding pairs of azides and isocyanates will be in very similar positions, the 
small differences reflecting minor changes in the bond lengths and angles. This 
enables a comparison of azides and isocyanates to be made more easily. The results 
of the overall molecular dipole moments and the inertial axis components are shown 
in Tables 5.20 and 5.21 respectively. The values for the dipole moments of the 
isocyanate series against electronegativity of the halogen follow almost the same 
correlation line as the azides. In general the dipole moments of the isocyanates are 
smaller than the corresponding azide by about 0.2-0.3 Debye. Whereas the dipole 
moment in FN3 makes an angle of only about 9.2 degrees to the inertial a-axis, the 
difference is much larger for FNCO, with an angle of 24.6 degrees. Thus although 
the total dipole moments of FN3 and FNCO are very similar at the TZVP+MP2 level 
(1. 15 and 1.06 Debye), the a- and b-components are much more similar in FNCO. 
The calculated dipole moment for CINCO has poor agreement with that calculated 
by Kosmus et al. 1191•  As with the values for chlorine azide, it is expected that the 
value obtained by this study will be closer to the actual experimental value than that 
of Kosmus et al [19]  due to the higher level of theory and larger basis set used in this 
study. 
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Molecule Method Dipole (D) Reference 
FNCO MP2 TZVP 1.0560 Present Work 
C1NCO MP2 TZVP 0.9044 Present Work 
SCFDZ 0.57 [19] 
BrNCO MP2 TZVP 1.2188 Present Work 
1NCO MP2 TZVP 1.9232 Present Work 
MP2 DZP 1.7800 Present Work 
HNCO I IvlP2 TZVP 12.2627 Present Work 
Table 5.20 Total dipole moments (Debye) fo the halogenoisocyanates. 
Molecule Method p. (D) J.Lb (D) Reference 
FNCO MP2 TZVP (-)0.9598 0.4402 Present Work 
C1NCO MP2 TZVP 0.5 178 0.7415 Present Work 
BrNCO MP2 TZVP 0.9785 0.7266 Present Work 
INCO MP2 TZVP 1.7911 0.7009 Present Work 
HNCO MP2 TZVP 1.6461 1.5525 Present Work 
Table 5.21 Components of the Dipole Moments for the Halogen lsocyanates 
5.5.1.3 Isothiocyanates 
There are no previous studies into the dipole moments of these molecules. The 
present TZVP+MP2 optimised structures give values which are similar in nature to 
the azide and isocyanates. The electronegativity of the halogen leads to the principal 
variation in the values, as previously. Because of the two heavy atoms at the end of 
the molecule, the a-axis lies progressively closer to these two atoms, and especially 
the halogen. Thus the b-axis nearly bisects the ANC angles where A = halogen. The 
values of the component jaA increases in line with total dipole moment. 
Molecule Method Dipole (D) Reference 
FNCS MP2 TZVP (-)2.2411 Present Work 
C1NCS MP2 TZVP 0.8799 Present Work 
BrNCS MP2 TZVP 1.0070 Present Work 
JNCS MP2 TZVP 1.7621 Present Work 
Table 5.22 Dipole Moments for the Halogen lsothiocyanates 
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Molecule Method g. (D) 11b (D) Reference 
FNCS MP2 TZVP (-)2.1853 0.4969 Present Work 
C1NCS MP2 TZVP 0.1482 0.8673 Present Work 
BrNCS MP2 TZVP 0.2767 0.9683 Present Work 
INCS IvlP2 TZVP 1.5345 0.8661 Present Work 
Tae 523 Components of the Dipole Moments for the Halogen Isothiocyanates 
5.5.2 Nuclear Quadrupole Coupling Constants 
As mentioned in Chapters 1 and 2, atoms with nuclear spin greater than Y2 have a 
nuclear quadrupole moment. The present series of molecules have a series of 
quadrupolar nuclei; the examples which are present at high natural abundance are 
35C1, 37C1, 7913r, 8tBr, 127j  and 14N; as well as these, there are 170  and 33 S, which are 
present in just a few percent in natural oxygen (0.03 8%) and sulphur (0.75%)[66].  The 
most common method of observing nuclear quadrupole coupling constants in the gas 
phase, from the halogens and other compounds is microwave spectroscopy (MW). 
The MW experimental data, is first obtained in the inertial axis directions a,b,c. 
These directions are affected by isotopic changes of mass in the molecule. Thus the 
MW spectrum of HC1 will be the superposition of the spectra of 'H- 35C1 and 114-37C1; 
because of the different atomic masses of 35C1 and 37Cl; the two spectra are observed 
at different frequencies, but with intensities in the ratio 75.77% to 24.23%, since 
these are the relative abundances found in nature. In the following Section, we just 
report the comparison of experimental and theoretical data for a single isotope, which 
is 35C1 and 7 13r for those compounds. Normally the experimental results provide data 
for both isotopes. In many cases, the microwave spectral data initially gives the a- 
axis data for the quadrupole coupling constant () and the asymmetry parameter 
(n ). Using the relationship iix Xbb - , and the Laplace relationship (X. + Xbb + x = 
0), the values of the individual components are obtained. The electric field gradient 
principal axis values are of primary chemical significance. Whether the MW 
spectroscopy can give these EFG-PA values depends upon whether the off-diagonal 
element of the quadruople coupling X ab can be obtained. In the case of halogen 
quadrupole coupling, the necessity for obtaining X ab is often avoided by choosing to 
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assume the largest quadrupole coupling lie along the N-halogen axis. This is usually 
incorrect, but not by large amounts [67,68] 
The nuclear quadrupole coupling constants (y), are linearly related to the Electric 
Field Gradients (EFG) (q u), and the EFG are what is actually computed from the 
electronic wavefunction. This is discussed previously. For molecules such as the 
halogen substituted azides, isocyanates, and isothiocyanates, the molecules are of Cs 
symmetry. In the calculations, the molecule lies in the x,y-plane, and these relate to 
the a,b axes in microwave spectroscopy, where the c-axis is always the out-of-plane 
direction in planar molecules. The EFG are obtained from the wavefunction in both 
the Cartesian directions,x, y and z, and in the EFG Principal Axis directions. These 
EFG-PA are the directions obtained by diagonalisation of the EFG 3 x 3 tensor 
matrix, where there is also a non-zero off-diagonal element, q XY. These EFG-PA 
directions are of chemical significance, and as is shown below, lie close to bond 
directions etc. In the following comparisons with experiment, the inertial axis data 
(IA) and the EFG-PA data are given. The convention for EFG-PA data 167 '681 is that 
I Xzz I I X, I I X. I , and this is done here. In some early MW studies, this 
convention was not adhered to, so that axis labels have been exchanged to agree with 
the convention. The directions of the tensor elements remain unchanged. 
5.5.2.1 Halogen Nuclear Quadrupole Coupling Constants 
There is MW data for C1N3 [161,  C1NCO 140421and BrNCO [43,44]  and 1NCO [45]  For 
both C1N3 and C1NCO, the agreement between the observed and calculated data for 
the inertial axis systems is excellent. The EFG-PA results are less in agreement, and 
this is due to the MW spectroscopist having to assume the direction of lies along 
the Cl-N bond direction, in order to obtain a result [67,68]  In the present work, there is 
a difference of 1.72 degrees for C1N3 and 4.17 degrees for C1NCO from the bond 
direction to the direction of . In both cases, the EFG-PA is rotated by these 
amounts towards the N 3 or NCO groups Although these differences are small, the 
effect becomes much larger when introduced into the equations which involve cos 2 
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8 and sin 20", ; 8ax is the angle between the EFG-PA and the a-axis, and the full 
equations are as follows: 
Xaaxx 5fl 8 + XYY Cos 9ax 
XbbXxx COS2 eax + Xyy  sin2  eax 
The range of values for 35C1 nuclear quadrupole coupling constants are from —34.63 
MHz (in C1F5) to —145.87 MHz in CIF [67,68]  In the interhalogen series the values are 
ICI —85.8, BrCl —102.4, C12 —115.0 and FC1 —145.9 MHz as above [67,68] The large 
negative value for X, in CI-N3 has been attributed to a contribution of the ionic forms 
of canonical structures Cl . . . N3 and this is consistent with the Mulliken 
populations shown above [16]•  The sign of the atomic quadrupole coupling constant 
(Qz) for "Br and 81Br is opposite to that for either the Cl or I isotopes, so the nuclear 
quadrupole coupling constants (Xii are of different sign to Cl and I cases. Typical 
values for 79Br are +532 MHz (HBr) to +1087 MHz (BrF), and for 1271  —1928 
MHz(H1) to —3440 MHz for if [67,68]  For both BrNCO and ]NCO, the values in the 
IA directions are still comparatively good. The errors are worst for INCO, where 
and Xbb  differ from the experimental values by 5.1 % and 10.7% respectively. 
However, the value for the out-of-plane element, , is only 1.9% in error, which 
suggests that the in-plane values are more inaccurate because of the slight errors in 
the theoretical molecular structure, and especially in the INC angle. In all of these 
cases, the quadrupole coupling constants at halogen are considered by the MW 
spectroscopists to indicate that the halogen is slightly positively charged, a 
conclusion which fits with the calculated Mulliken atomic population results. 
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Molecule Method Centre x 	/ bul, Xbb i M& x / m& Reference 
C1N3b MW IA 35C1 -55.9 1.9 54.0 [16] 
TZVP 35C1 -54.7813 2.1724 53.0136 Present 
MP2 IA Work 
Mw 5ci -122.9 68.9 54.0 [16] 
EFG-PA ______ (X-) (Xyy) W.)  
TZVP 35C1 -104.75 53.01 51.73 Present 
MP2 (y) (y) () Work 
EFG-PA 
C1NCO MW IA 35C1 -70.8 14.1 56.7 [40] 
TZVP 35C1 -69.8011 15.0577 54.7415 Present 
MP2 IA Work 
Mw 35Ci -118.3 61.6 56.7 [40][42] 
EFG-PA (Xxx) (X)Y) (Xxx)  
TZVP 35C1 -110.6010 55.8577 54.7415 Present 
MP2 (Xzz) (yy) (Xxx) Work 
EFG-PA 
BrNCO MW IA 79Br 608.16 -164.38 -443.78 [43] 
TZVP 79d- r-  636.76 -174.68 -462.01 Present 
MP2 IA Work 
MW "Br 893.85 -450.07 -443.78  
EFGPA (Xz.z) (Xxv) (Xxx)  
TZVP 79Br 930.1 -468.0 462.0 Present 
MP2 (Xxx) (yy) (Xxx) Work 
EFG-PA 
INCO MW IA 1271 -2235.2 747.2 1488.0  
TZVP 1271 -2354.9 837.0 1517.3 Present 
MP2 IA Work 
MW 1271 -2986.1 1499.5 1488.0 [44] 
EFG-PA (Xxx) (yy) (Xxx)  
TZVP 1271 -3050.8 1532.9 1517.3 Present 
MP2 (X22) (yy) (Xxx) Work 
EFG-PA 
Table 5.24 Comparison of calculated and observed halogen quadrupole coupling constants. 
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5.52.2 14N Nuclear quadrupole coupling constants 
The 14N quadrupole coupling constants are very small in magnitude when compared 
with the halogens. A value in the range 0 to ± 10 MHz covers all compounds of 
nitrogen, and most values are much smaller; a typical value for a lone pair coupling 
constant, as in ammonia is —4.090 MHz [691•  Fluoroamines have values larger in 
magnitude, for example, NF3 has Xzz —7.07 MHz [70]• 
All of the 14N nuclear quadrupole coupling constants for hydrogen azide 711 and 
methyl azide 1721  have been resolved by Fourier transform microwave spectroscopy. 
Similarly, the 14N and ' 7O quadrupole coupling in HNCO has also been obtained [731 
Typical values for these compounds are shown in the following Table; all of this data 
is determined in the inertial axis system. Clearly the quadrupole coupling at the 
middle N-atom (No) in particular is very small. 
Molecule Centre Xaa Xbb Xce Reference 
HN3 Na +4.727(5) -1.228(3) -3.499(3)  
Np -0.84(3) +0.52(2) +0.32(2) 
N7 -1.224(14) 2.611(7) -1.387(7) 
CH3 -N3 Na +4.744(4) -1.354(2) -3.390  
N -0.950(5) +0.769(3) +0.182 
N7 -0.585(8) +2.259(4) -1.674 
CH3NCO Na +2.86(3) [74] 
Table 5.25 Typical azide ' 4N quadrupole coupling constants from microwave spectrocsopy. 
Experimental data for 14N nuclear quadrupole coupling in the halogen azides is not 
11 available to date, the very small values, leading to poorly resolved structure 27 . A 
theoretical study on on fluorine azide is discussed below [28]  Complete data for the 
14N quadrupole coupling is available for both chlorine and bromine —isocyanates, but 
the accuracy is much lower than for the halogen data. Thus alternative values are 
given for BrNCO. Finally, for INCO, the MW data has so far only led to the value of 
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X bb - x ; the assumption [45]  that the out-of-plane component X. is the same for 
BrNCO and INCO led to the data shown in Table 5.26. 
Molecule Method Centre x Xbb Xce Reference 
C1NCO MW N 3.99(4) -1.015 -2.975(30) [41,42] 
TZVP 
MP2 
N 4.1493 -0.8272 -3.3220 Present 
work 
Xxx Xz2 Xy 




















N 3.8588 0.7158 -3.1429 Present 
work 
Xxx Xzz Xyy 








INCO MW N (5.2) -1.85 -3.35 (ass.)  
TZVP 
MP2 
N 3.4437 -0.7555 -2.6884 Present 
work 
N Xxx Xxx Xyy 
EFG 
PA 
N -0.9125 3.6009 -2.6884 Present 
work 
Table 5.26 Comparison of calculated and observed 14N quadrupole coupling in isocyanates. 
The inertial axis results for C1NCO are generally within about 0.4 MHz difference 
between the MW and TZVP + MP2 data. The present EFG-PA results show that the 
largest in-plane value y  is nearly tangential to the N-atom, with the value of Xxx 
lying close to the expected lone pair direction. The experimental data for 14N in 
BrNCO have much larger errors associated with them; the values for X. obtained are 
5.09 (78) MHz and 4.75 (5 1) MHz measured on either the 79Br or the 81Br species. 
The present TZVP +MP2 results give 3.8588 MHz for this term, which even with the 
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large error bars on the experimental data, lies lower than experiment by about 0.5 
MHz. 
In the light of the generally good agreement between the experimental and 
theoretical data, all of which was obtained at the constant level of TZVP basis set for 
the non-halogen atoms, N,C,O, and MP2 level of theory, it is appropriate to look at 
variations in 14N quadrupole coupling constant as a function of variation of the 
halogen, and also including the hydrogen compound. In Table 5.27, we give the 
EFG-PA values for the three quadrupole coupling constants, using the designations R 
(radial), T (tangential) and it. Of these, two are immediately obvious; the it 
component is the local out-of-plane value, the tangential value is tangential to the X-
N-C angle, while the radial term is the value of X close to the internal bisector of the 
same angle [75]  These terms have been much used previously and were originally 
devised to deal with cyclic compounds such as pyridines etc, where there is a 
quadrupole coupling constant lying relatively towards the ring centre, and hence 
radial with respect to the ring. 
Compound Centre 
FNCO N -2.2327 6.5593 -4.3266 
C1NCO N -1.3752 4.6972 -3.3200 
BrNCO N -1.1346 4.2776 -3.1429 
INCO N -0.9125 3.6009 -2.6884 
HNCO N -0.8120 2.6724 -1.8604 
Table 5.27 Comparison of the radial, tangential and it-components for the isocyanates. 
The series of compounds R-NCO where R is F,CI,Br,I,H show steady trends in each 
14N quadrupole coupling tensor element. Thus the range of values, on going from F 
through I to H, for X,,, lies from —2.23 to —0.81MHz; the value of xyy in the same 
series changes from +4.70 to +2.67IvlHz, and X,, changes from —4.33 to —1.86 MHz 
respectively. Thus for each of these compounds the tangential term XT is the largest. 
This shows that nearest neighbour atoms are even more important than a lone pair of 
electrons, since these lie relatively close to X., In fact a correlation of the value of an 
individual 14N QCC against the electronegativity (Pauling series) of the halogen, 
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shows a close to linear relationship, for all three terms. The values for HNCO do not 
fit closely to the halogen series, perhaps implying that the bonding is purely c;-bonds 
in the case of hydrogen, but that there is some ic-bonding in the halogeno series. The 
graph of QCC versus electronegativity is shown in Figure 5.37. Similar graphs occur 
for the azides and isothiocyanates. An interesting feature is that the slope of the lines 
for XR andX,, are the same, and that the slope of the XT  is opposite in sign and equal to 
the sum of the other two slopes. 
10 	15 	20 	25 	30 	3.5 	4,0 	45 	50 	55 
Klectronegath4ty (Muflikens) 
Figure 5.37 Plot showing Quadrupole Coupling Constants versus the Electronegativity of the 
X atom (X = H, F, Cl, Br, I) 
The choice of the out-of-plane term for INCO to be the same as in BrNCO as done in 
the microwave study [45)  seems a relatively poor choice. 
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5.52.3 14N Nuclear quadrupole coupling constants in the EFG principal 
axis frame 
We now give a summary of the EFG-PA data for the other members of the halogeno-
azides, isocyanates and isothiocyanates where there is no experimental information 
as yet. In the light of the correlations with experimental data above, the present data 
has predictive value, but trends are probably more reliable than absolute values for 
quadrupole coupling constants. 
Only in the case of FN 3 is there other data previously reported. A comparison is 
shown in Table 5.28; although there is reasonable agreement between the two sets of 
data for y c,, the in-plane values do not agree well. A repeat of the literature 
calculations suggests that what are recorded by Christen et a! 191 , are in fact the EFG-
PA data, rather than the claimed inertial axis data. This has since been confirmed (761 
Molecule Method Centre Xaa Xbb XCC Reference 
FN3 6-31G Na 6.42 0.33 -6.75 [91 
MP2 
TZVP Nc,, 5.7124 1.1254 -6.8378 Present 
MP2 work 
Centre 
TZVP Na 0.2564 6.5814 -6.8378 Present 
MP2 XCC work 
TZVP N -0.3458 -1.5992 1.9762 Present 
MP2 1 -1.6398 XM work TZVP Ny -1.2300 2.8696 Present 
MP2 XCC work 
Table 5.28 A comparison of the present results for EN3 with Christen et a! [9] 
Molecule Centre Z'yfXT XJXR 
FN3 Na 6.8378 +65814 +0.2564 
C1N3 Na -5.7798 +5.2046 +0.5753 
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BrN3 Na -5.5458 +4.7644 +0.7814 
IN3 Na -4.9223 +4.2991 +0.6233 
HN3 Na 4.1478 ±4.9885 -0.8407 
Table 5.29 EFG-PA results for azides using the TZVP basis and MP2 methods 
The present results for the EFG-PA at the alpha N-atom to the halogen for the azides 
are very similar to those compared with experiment in the isocyanates above, except 
that one of the tensor element axes is switched in the azides relative to the 
isocyanates.. Thus as shown in Table 5.29, the smallest tensor element in both azides 
and isocyanates (x) is the element close to the lone pair direction, and noted as y.; 
however, in the azides, y  lies in the direction, with the element tangential to the 
X-N-N bond angle being X yy. Whereas the hydrogen pseudo-halogens have seemed 
to mimic the iodo pseudo-halogens in properties such as charge distributions, the 
quadrupole coupling tensor elements are quite different. Thus compared with IN3, 
HIN3 has XR  of opposite sign, while X,, and XT  have exchanged magnitudes and signs. 
Molecule Centre XYY/XT 
FN3 Np -6.8378 +6.5814 +0.2564 
CIN3 Np -5.7798 +5.2046 +0.5753 
BrN3 N -5.5458 +4.7644 +0.7814 
IN3 Np -4.9223 +4.2991 +0.6233 
HN3  No -1.3268 ±1.8425 -0.5156 
Table 5.30 EFG-PA results for the central N-atom in azides using the TZVP basis and MP2 
methods 
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Molecule Centre x /XT XxiIXR 
FIsT3 N7 +2.8696 -1.6398 -1.2298 
C1N3 N7 +1.6954 -0.9162 -0.7792 
BrN3 N7 +1.4109 -0.7855 -0.6254 
IN3 N7 +0.8640 -0.4519 -0.4121 
HN3 N7 +0.6788 -0.1747 -0.5041 
Table 5.31 EFG-PA results at terminal N-atom for azides using the TZVP basis and MP2 
method. 
The progressive effects of change of halogen from F to I are reproduced at both the 
central N-atom (Np) and at the terminal N-atom (N 7) as shown in Tables 5.30 and 
5.31. As expected on a distance basis, the effects are smaller for Np and N 7 than for 
Na ; again HN3 shows differences from the other compounds, but the differences are 
smaller at the terminal N7 where all the tensor elements have similarity to the iodo 
compound. 
5.5.2.4 Isothiocyanates 
The isocyanates were discussed above, in particular with respect to comparison with 
experiment. Thus we continue with the isothiocyanates (Table 5.32), where again 
there is no experimental data on the quadrupole coupling constants at 14N centres. 
Molecule Centre X./XT 
FNCS N +6.8035 -3.5034 -2.8195 
CINCS N +4.4367 -2.1632 -2.2735 
BrNCS N +4.0754 -2.1065 -1.9688 
INCS N +3.3195 -1.7979 -1.5216 
Table 5.32 Calculated 14N quadrupole coupling constants for the Halogen Isothiocyanates 
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5.5.2.5 Halogen nuclear quadrupole coupling constants in the EFG 
principal axis frame 
The end remote from the halogen has a small but systematic effect on the quadrupole 
coupling at the halogen atom (Table 5.33). For each of the Cl, Br and I atoms X zz lies 
very close to the X-N bond, and hence is shown as Xxx.  The change of N=N to CS 
and then C=O, leads to an increase in the magnitude of the coupling constant X zz. 
Since the C=O group is the most polar of the three groups, this suggests that C=S is 
only weakly polar. 
The difference in magnitude of the two terms and XT  is a direct measure of the 
amount of it-bonding from the halogen to the N atom. If the N 3, NCO or NCS groups 
had been linear, then X,, and XT  would be equal. In each of the azides, the value for 
is larger than XT,  while for the NCO and NCS groups the reverse is true. The angle 
between the largest quadrupole coupling, which is close to the X-N bond, OzzxN, is 
always small, and always in the same direction. Here the positive sign means that the 
EFG-PA lies towards the terminal atom, N,S,O. The amounts are variable, with no 
real pattern. 
A comparison of the magnitudes of Xzz  with values for other compounds, shows that 
for each halogen, the values lie close to the highest magnitude values so far reported 
[68]  Only the interhalogens FC1, FBr and FT have higher values, so each of the 
present series show considerable electron donation into the N3, NCO and NCS 
groups. 
Compound Centre %zz/XXN Xx XT eZZ,XN 
C1N3 Cl -105.7451 +53.0136 +51.7296 +1.7211 
C1NCS Cl -109.0807 +52.7119 +56.3669 +2.5725 
C1NCO Cl -110.6010 +54.7414 +55.8577 +4.1710 
BrN3 Br +885.1434 -446.4738 -438.5987 +1.4783 
BrNCS Br +918.6718 446.6357 471.9652 +0.4931 
BrNCO Br +930.0957 462.0144 468.0105 +1.3455 
IN3 I -2908.3184 +1461.8076 +1445.8993 +1.3640 
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INCS I -3039.3580 +1492.2422 +1546.5043 +0.0338 
INCO I -3050.8312 +1517.3164 +1532.9032 +0.8648 
Table 5.33 The effect of the remote atom on the halogen quadrupole coupling. 
5.5.3 Second moments of the electronic charge distribution 
The second moments of the charge distribution are the values of <x 2>, <y2> and 
<z2>, where the sums are usually over both nucleii and the electrons. However, in 
microwave spectroscopy, it is possible to obtain values for the electronic terms alone, 
by obtaining the microwave spectrum in the presence of a magnetic field, and 
observing the Zeeman splitting of the lines [77]•  This leads finally to both the 
electronic term of the second moments, and to the molecular quadrupole moments, 
but in this last case to the sum of both the nuclear and electronic terms. 
The second moments have dimensions of (length)2, and are conventionally given in 
cm2. The conversion factor is (a. U.)2  Thus 1 a.u. = 0.28003 x10 16 cm  (a02). 
However, the microwave values are obtained in the inertial axis system, and hence 
are <a2>, <b2> and <c2>; the out-of-plane values <C2>, identify with <z2> in the 
present calculations, where the molecule of Cs symmetry is lying in the x,y-plane.. 
The relationships for the other values are 
<a2> = [<y2> cos2 (Oa")] + [<x2> sin2 (Oa")] 
= [<y2> sin2  (Gax)] + [<x2> cos2  (Gax)] 
where 8 ax is the angle between the a-axis and the x-axis. 
Molecule <z2> = <C2> <r2> 
FN3 -10.8306 47.6225 4.3771 -62.8302 
C1N3 -77.0587 -13.4823 -6.0402 -96.5812 
BrN3 -16.4544 -108.9101 -7.2610 -132.6255 
IN3 -19.2005 -140.1861 -9.4774 -167.0479 
FNCO -9.5029 -54.1509 4.2964 -67.9503 
C1NCO -87.9505 -11.1556 -5.9421 -105.0481 
BrNCO -82.2673 -53.2433 -7.1655 -142.6761 
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INCO -15.7952 -157.6189 -9.3455 -182.7595 
FNCS -81.9760 -22.9567 -6.0624 -110.9951 
C1NCS -31.5575 -130.3098 -7.7125 -169.5798 
BrNCS -206.7264 -19.9397 -8.9366 -235.6027 
INCS -181.0881 -112.9791 1 -11.1159 -305.1831 
Table 5.34 Second moments of the electronic charge distribution for the halogen azides; 
isocyanates and isothiocyanates.(TZVP+MP2). Electronic term only (cm 2). 
Because the molecules are lying in the centre of charge system, rather than inertial 
axes, the <x2> and <y2> components do not show systematic changes; these are 
disclosed in the IA data below. However, the <z 2> and <r2> values show trends with 
size of the atoms present. The most obvious feature of the second moments, is that 
the a.zides, isocyanates and isothiocyanates all behave similarly for a particular 
halogen, but that the oxygen and sulphur compounds are each larger than the 
corresponding azides.. The out-of-plane terms <c 2> (<z2>) increase steadily as the 
halogen increases in size, and the sulphur compounds are all about 1.8 CM   larger 
than the N or 0 compounds, reflecting the larger size of the S atom. 
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Molecule <a2> <b2> <C2> 
FN3  46.7412 -11.7119 4.3771 
C1N3 -76.5778 -13.9640 -6.0402 
BrN3 -107.9570 -17.4074 -7.2610 
IN3 -139.4510 -19.9356 -9.4774 
FNCO -53.4093 -10.2446 -4.2964 
CINCO -87.7668 -11.3392 -5.9421 
BrNCO -122.2940 -13.5794 -7.1655 
INCO -157.0159 -16.3982 -9.3455 
FNCS -73.0339 -31.8988 -6.0624 
C1NCS -117.0402 -44.8271 -7.7125 
BrNCS -204.0008 -22.6653 -8.9366 
INCS -277.5588 -16.9318 -11.1159 
Table 5.35 Inertial axis components of the second moments of the electronic charge 
distribution for the halogen azides; isocyanates and isothiocyanates.(TZVP+MP2). Electronic 





Figure 5.38 The equilibrium structure for fluorine isothiocyanate in the inertial axis frame, 
showing the dipole and quadrupole moment axes. 
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S 
Figure 5.39 The equilibrium structure for chlorine isothiocyanate in the inertial axis frame, 
showing the dipole and quadrupole moment axes. 
S 
Figure 5.40 The equilibrium structure for bromine isothiocyanate in the inertial axis frame, 
showing the dipole and quadrupole moment axes. 
S 
Figure 5.41 The equilibrium structure for iodine isothiocyanate in the inertial axis frame, 
showing the dipole and quadrupole moment axes. 
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The IA results for the second moments of the charge distribution were checked by 
rerunning the MP2 calculation in the inertial axis framework, using the coordinates 
of the previously optimised structure. As expected with the trans orientation of the 
molecules, the <a2> values are markedly larger than either the <b 2> or <c2> values. 
Although the differences are sometimes small, there is a consistent set of small 
changes between different members of the series. Thus using FN3, FNCO and FNCS 
as examples, the value for <a 2> in the azide is smaller in magnitude than that for the 
isocyanate, while the reverse is true for the value of <b 2>. In the azide series, the 
difference on progressive substitution of  by Cl, by Br and then I, leads to an 
increase in magnitude of <a2> by —30 cm2 with the isocyanates similarly. In contrast, 
the isothiocyanates increase more sharply, probably as a result of the increasing size 
of the X-N-C angle in the S-series. This effect is noticeable in the comparison of the 
azides and isocyanates, where the value of <a 2> is always larger in the latter, whereas 
the values of <b 2> are slightly reduced. 
5.5,4 Molecular Quadrupole Moments 
The molecular quadrupole moments are conventionally in (charge) x (length) 2 units 
esu.cm2 (eao); initially they are obtained in atomic units, where the conversion factor 
to esu.cm2 is 1.3449. 
Molecule Q QYY QI Q. ONVY  
FN3 1.6092 -3.4956 1.8863 +21.2065 
C1N3 2.6498 -3.6234 0.9735 +43.6113 
BrN3 2.7426 -3.5834 0.8408 +51.7417 
IN3 2.8009 -3.5594 1 0.7585 +39.3968 
Table 5.36 Molecular quadrupole moments of the Halogen Azides (in esu.cm'.) 
The quadrupole moments of the azides and isocyanates show a number of common 
features (Table 5.36 and 5.37). The largest quadrupole moment tensor element is 
negative. With the exception of FN 3 and FNCO, the out-of-plane value is the 
smallest, and positive. The angle between the largest element, here Q, and the a-
axis, also varies in a similar manner across the series. The simplest representation of 
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the direction of Qyy is to note that it lies very close to the direction of the N 2=N3 bond 
in the halogenoazides, X 1 -N2=N3=N4. Since the angle XNN is close to 90 degrees in 
all the XN3, the value of the other in-plane axis lies close to the direction of the X-N 
bond. The isocyanates are similar to the azides both in the relative magnitudes of the 
quadrupole moment tensor elements and their directions, and the fact that the largest 
element (Q) is again relatively close to the N=C bond direction. 
Molecule Q Qyy Qzz#Qcc Oa,yy 
FNCO 1.5721 -3.6298 2.0577 +18.8478 
C1NCO 2.1320 -3.2947 1.1627 +41.4817 
BrNCO 2.1218 -3.2240 1.1022 +43.4417 
1NCO 1.8294 -3.5345 1.7051 +36.4817 
Table 5.37 Quadrupole Moments (esu.cm ) of the Halogen Isocyanates using the TZVP 
basis sets + MP2 level. Angles 9a,w  are positive towards C=O group. 
Molecule Q. QYY 
FNCS 0.6778 -0.7269 0.0490 +33.1276 
C1NCS 3.9498 -2.2594 -1.6903 +73.4060 
BrNCS 4.8026 -2.5893 -2.2134 +79.2711 
INCS 3.4609 -1.9524 -1.5084 +80.2843 
Table 5.38 Quadrupole Moments (esu.cm') for the halogen isothiocyanates using the TZVP 
basis set and MP2 level. 
The principal difference between the isothiocyanates and the azides or isocyanates, is 
that Q ( Q. ) changes sign to negative, with Qyy largely unchanged, and the largest 
element now becoming the Q,. Thus the sign of the largest element is reversed in 
the isothiocyanates relative to the other compounds. However, the large angles Oa,yy  
in the S-compounds are such that the maximum quadrupole moment now lies 
relatively close to the a-axis. 
Comparison with the quadrupole moments (a.u.) with CO2 and CS2 (Table 5.35)', 
determined with the same TZVP basis set and with MP2 methodology, shows the 
reason for these changes. The large negative value of the principal quadrupole 
moment for CO2 is accompanied by dipoles leading to the C-atom being positive in 
charge, while the principal value for CS  is positive, smaller in magnitude, and the 
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atomic charges are reversed and much smaller. Thus the positive values for the 
principal quadrupole moment tensor element correspond to a progressively more 
linear molecule, with positive charge near the ends, and negative near the centre; this 
is the situation in CS2 where the experimental values for CO2 and CS2 are —4.3(3) 
and + 1.8 esu.cm2 respectively` 781  
Molecule Q Q I  QYY qc qo,s 
0=C=O -4.7200 +2.3600 +0.4308 -0.2154 
S=C=S +2.3891 -1.1945 -0.0862 +0.0431 
Table 5.39 Comparison of quadrupole moments and local charges in G02 and CS2. 
5.6 Conclusions 
The method of study for this series of molecules is to determine the equilibrium 
geometry, using the TZVP basis set for all atoms, and compare with experiment 
wherever possible. The wavefunctions were then investigated to determine the 
charge distribution and molecular electronic properties. 
Comparison of the present theoretical rotation constants with the experimental 
microwave ones leads to close correlations; the values for FN 3 are typical with a 
maximum difference between calculated and observed of about 1% while for C1N 3 
the difference is only between 1 and 2%. 
Molecular structures of the series of compounds R-NXY for variations of R, X 
and Y show small systematic differences across the series of compounds; due to a 
lack of experimental data, this gives the study predictive value. 
The ratios of bond lengths RN.. to N- Np in the azides show the effect of electron 
withdrawal or donation by the group R. The R-N (R= halogen) bonds are always 
shorter in the isocyanates than the azides, but by only small amounts. The series F to 
I shows a slight shortening of the value of r2 (NC) and lengthening of 0 (CO). 
Similarly, the angle X-N-C and the N-C-O both increase in the same order. As was 
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found for the halogeno-azides, the ratio of the Na C / C- O(S) ) bonds varies across 
the halogens in the halogen-isocyanates and -isothiocyanates. 
Vibrational frequencies at the harmonic approximation were compared with infrared 
spectral data. Generally the values obtained are in good agreement. For all the 
molecules, the out-of-plane vibration (A") frequency increases as the halogen 
increases in size (and weight); this contrasts with the nearest in-plane frequency (v 4) 
which decreases in frequency in this series. A correlation of the 33 IR frequencies 
against the calculated TZVP+MP2 data yields a correlation coefficient of 0.9948, and 
standard errors in slope and intercept of 0.0164 and 21.27 cm -1 respectively. The 
equation is v11 = 0.8929 vcalc  + 64.07. The only experimental vibrational frequency 
which seems unexpected in its position is v3 for CINCO, where the band is very low 
compared with that required to fit the correlation. For most of the compounds, v3 and 
V4 differ by about 150 - 200 cm'; for C1NCO they are only 100 cm -1 apart. 
Charge distribution in the halogen substituted azides, isocyanates and isothiocyanates 
was studied using the Mulliken atomic populations in particular. The C=O was found 
to have a very high polarity when using the AilvI method which also shows that the 
N-atom seems better able to attract electrons from an adjacent C0 group than from 
an N=N group, which seems unreasonable. 
The charge on the halogen is fairly similar for a particular halogen (F, Cl or Br) for 
each of the azide, isocyanate and isothiocyanates, with halogen charges of 
approximately —0.14(F), +0.06(Cl and Br) +0.26 e (I). 
The FN3 dipole moment is in the opposite direction to that for the other three azides, 
with the negative end towards F, and towards N for the other three compounds. 
There is a close linear relationship between the Allred-Rochow electronegativity of 
the substituent (x) in the azide XN 3 (XH,F,Cl,Br,I) and the molecular dipole 
moment, gc ai, = - 1.5 169 xj +5.0435. The values for the dipole moments of the 
isocyanate series against electronegativity of the halogen follow almost the same 
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correlation line as the a.zides; but in general the dipole moments of the isocyanates 
are smaller than the corresponding azide by about 0.2-0.3Debye. 
Comparison with the MW data for CIN3, C1NCO, BrNCO and INCO shows the 
agreement between the observed and calculated data for the inertial axis systems is 
excellent. The EFG-PA results are less in agreement, this is due to the MW 
spectroscopist having to assume the direction of X,, lies along the CI-N bond 
direction, in order to obtain a result. The present work finds the direction of xz z lies 
at an angle of 1.72 degrees for C1N3 and 4.17 degrees for C1NCO. The large negative 
value for X,, in CI-N3 has been attributed to a contribution of the ionic forms of 
canonical structures Cl . . . N . This is consistent with the Mulliken 
populations 1161 . For both BrNCO and INCO, the values in the IA directions are still 
comparatively good. The errors are worst for INCO, where x and Xbb  differ from the 
experimental values by 5.1 % and 10.7% respectively. However, the value for the 
out-of-plane element, , is only 1.9% in error, which suggests that the in-plane 
values are inaccurate because of slight errors in the theoretical molecular structure, 
especially in the INC angle. In all of these cases, the quadrupole coupling constants 
at halogen are considered by the MW spectroscopists to indicate that the halogen is 
slightly positively charged, a conclusion which fits with the calculated Mulliken 
atomic population results. 
Complete experimental data for 14N quadrupole coupling is available for both 
chlorine and bromine isocyanates, while for INCO it has only led to the value of 
Xbb - . For the inertial axis results of C1NCO there is a difference of about 0.1WIZ 
between the MW and TZVP+MP2 data. The present EFG-PA results show that the 
largest in-plane value x is almost tangential to the N-atom, with the value of 
lying close to the expected lone pair direction. 
Variations in 14N quadrupole coupling constants as a function of variation of the 
halogen in the azides and isocyanates, and also including the hydrogen compounds 
were performed. Using the designations it (the local out-of-plane value), the 
tangential value (T) is tangential to the X-N-C angle, while the radial term (R) is the 
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value of X close to the internal bisector of the same angle. The series of compounds 
R-NCO where R is F,Cl,Br,I,H show steady trends in each 14N quadrupole coupling 
tensor element. Thus the range of values, on going from F through Ito H, for lies 
from —2.23 to —0.81MHz; the value ofin the same series changes from +4.70 to 
+2.671v11{z, and X,, changes from —4.33 to —1.86 MHz respectively. Thus for each of 
these compounds the tangential term XT  is the largest. This shows that nearest 
neighbour atoms are even more important than a lone pair of electrons, since these lie 
relatively close to y. In fact a correlation of the value of an individual 14N QCC 
against the electronegativity (Pauling series) of the halogen shows a close to linear 
relationship for all three terms. The values for HNCO do not fit closely to the 
halogen series, perhaps implying that the bonding is purely a-bonds in the case of 
hydrogen, but that there is some it-bonding in the halogeno series. 
The present results for the EFG-PA at the alpha N-atom to the halogen for the azides 
are very similar to those compared with experiment in the isocyanates above, except 
that one of the tensor element axes is switched in the azides relative to the 
isocyanates. Thus the smallest tensor element in both azides and isocyanates (Xxx)  is 
the element close to the lone pair direction, and noted as ; however, in the azides, 
lies in the direction, with the element tangential to the X-N-N bond angle 
being Xyy . 
Halogen nuclear quadrupole coupling constants in the EFG principal axis frame 
show that the end remote from the halogen has a small but systematic effect on the 
quadrupole coupling at the halogen atom. For each of the Cl, Br and I atoms XZZ lies 
very close to the X-N bond (y) The change of N=N to C=S and then CO 3 leads to 
an increase in the magnitude of the coupling constant yzz.  Since the C=O group is 
the most polar of the three groups, this suggests that C=S is only weakly polar. 
The difference in magnitude of the two terms X,, and XT  is a direct measure of the 
amount of it-bonding from the halogen to the N atom. If the N3, NCO or NCS groups 
had been linear, then X,, and XT  would be equal. In each of the azides, the value for 
is larger than XT,  while for the NCO and NCS groups the reverse is true. 
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The microwave values obtained for the second moments of the electronic charge 
distribution are in the inertial axis system ( <a 2>, <b2> , <c2>). The most obvious 
feature of the second moments is that the azides, isocyanates and isothiocyanates all 
behave similarly for a particular halogen, but that the oxygen and sulphur compound 
values are each larger than the corresponding azide ones. The out-of-plane terms 
<c2> increase steadily as the halogen increases in size, and the sulphur compounds 
are all about 1.8 cm 2 larger than the N or 0 compounds, reflecting the larger size of 
the S atom. 
The molecular quadrupole moments of the azides and isocyanates show a number of 
common features. The largest quadrupole moment tensor element is negative, while 
with the exception of FN3 and FNCO, the out-of-plane value is the smallest, and 
positive. The angle between the largest element, here Q, and the a-axis also varies 
in a similar manner across the series. The simplest representation of the direction of 
Qyy is to note that it lies very close to the direction of the N 2=N3 bond in the 
halogenoazides, X 1 -N2=N3=N4. Since the angle XNN is close to 90 degrees in all the 
XN3, the value of the other in-plane axis lies close to the direction of the X-N bond. 
The isocyanates are similar to the azides both in the relative magnitudes of the 
quadrupole moment tensor elements and their directions, and the fact that the largest 
element (Q ,) is again relatively close to the N=C bond direction. 
The main difference between the isothiocyanates and the azides or isocyanates, is 
that Q ( Q) changes sign to negative, while Qyy is largely unchanged, the largest 
element now becomes Q,. Thus the sign of the largest element is reversed in the 
isothiocyanates relative to the other compounds. However, the large angles Oa,yy  in 
the S-compounds are such that the maximum quadrupole moment now lies relatively 
close to the a-axis. 
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Chapter 6 The halogen oxides, F20, C120, Br20 and 120 
6.1 Introduction 
The present compounds are F20, C120, Br20 and 120, each being related to water by 
replacement of H by halogen. The naming in Chemical Abstracts is not consistent: 
F20 is named oxygen fluoride, while C120 is named chlorine oxide. To date 120 does 
not seem to be known, but the other compounds have been obtained and studied by a 
limited number of spectroscopic methods, except for F20 where a variety of 
spectroscopic properties have been investigated. Thus several of the electronic 
properties of the series are predicted values, and the comparison with F20 provides 
the evidence about the level of reliability for these properties. 
6.1.1 Previous theoretical studies of F20 in particular. 
The present studies are not the first calculations on these molecules, but arguably are 
the most extensive and most complete. Thus, the early ab initio calculations on F20 
used assumed geometries and small basis sets (such as STO-3G and 4-31G)' 71 . The 
discussion was largely restricted to orbital energies [1,2,6,7]  and change of orbital 
energies with angle change, including potential surfaces and Walsh's Rules [ ' ] , dipole 
and quadrupole moments [1,3,71  and atomic populations. In the last case, the early 
charge distribution [2J  when differing basis sets were used, found the 0 neutral (or 
negative), with F neutral (or positive), which seems improbable. This lack of polarity 
in the bonds was used to justify the low value for the bond dissociation energy of 0.5 
kcal.mor' [51  In one case, using a DZP basis set [7],  a variety of 1-electron properties 
were described, and compared with experiment; in the case of the diamagnetic 
susceptibility and second moments of the charge distribution (where the operators 
have a similar form), the comparisons were satisfactory, but not elsewhere. Early 
calculations of the equilibrium geometry 4 gave relatively poor agreement with 
experiment, and the derived force constants were markedly in error; for example, the 
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symmetric FO stretching force constant was calculated E41  as 13.1 mdyne.ang', to be 
compared with an experimental value [8]  of 4.8 mdyne.ang 1 . Several of these topics 
are discussed below. In a further Paper, a comparison of the LTV-photoelectron 
spectrum under He(III) (40.81eV) conditions was compared with water, as part of a 
study of the perfluoro-effect (ie total replacement of H by F in molecules) 61 . The 
assignment was based upon Koopmans' Theorem; ie the orbital energies (si)  are 
related to the IP by I[Pi 	0.92 el where the factor of 0.92 represents a scaling factor 
to bring the double zeta (DZ) calculations into the correct range with experiment 6 ; 
these DZ calculations produced a charge distribution more similar to the present 
work. Koopmans' Theorem and SCF calculations have also been used to interpret 
and compare the UV-photoelectron spectra of SC12, OC12 and OF2 191 , where the 
difference in the first two EP's for each molecule was interpreted in terms of Walsh 
diagrams, and the change of the orbital n u of the linear form, with b1 + a1 for the bent 
forms. Not all of these Authors used the same convention [1,21  concerning orientation 
of the molecule (now standardised as x-axis out-of-plane), causing possible elements 
of confusion. 
6.1.2 The chemical properties and preparation of the molecules. 
The halogen oxides F20, C120 and Br20 have very differing properties' °'. Fluorine 
oxide, F20, is prepared by passing fluorine gas through sodium hydroxide solution. It 
is a yellow gas, with b.p. - 145 0C. It is relatively unreactive, with no reaction with H2, 
C1-L or CO; however, it is decomposed by aqueous alkali, to oxygen gas and fluoride 
ions, even though this is the manner in which it is also produced. Chlorine oxide, 
C120, is prepared from chlorine gas and mercuric oxide; it is a yellowish red gas with 
b.p. +2°C; it appears to be less stable than F 20. Bromine oxide Br 20, is even less 
stable, decomposing slowly at temperatures above -50°C, but with a freezing point of 
-18°C. Although several oxides of iodine are known, 120 does not seem to be well 
known, and is only considered here in relation to trends with the other dihalogen 
oxides in ground state properties in particular. With such instabilities, the structural 
and spectroscopic studies are limited. 
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6.1.3 The physical properties of the molecules. 
There are microwave spectroscopic studies for F2 0[8,11-17]  which include a number of 
molecular electronic properties. These are compared with the present data below. 
The microwave spectrum of C1 20 has been used to determine both substitution and 
equilibrium structures 8221 . Early electron diffraction structures for both F 20 and 
C120 had earlier shown the C2v nature of the molecules 231 , but the bond length and 
angles were quite significantly in error. The Br20 molecule has also been studied by 
microwave spectroscopy [24,251  to yield the substitution structure, and similar data 
were obtained (with poorer accuracy) by EXAFS work [26]  The photoelectron spectra 
of both F20 and C1 20 have been obtained [27,28]  and this will be referred to in the 
next Chapter on excited states. The first EP's are high, being 13.26 and 11.02 eV 
respectively; this limits the number of excited Rydberg states at low excitation 
energies. The gas phase infrared spectrum for F20 has been obtained, and detailed 
analysis of this led to corrections of the early electron diffraction structure, to one 
which is close to the microwave structure 291 . In particular, this last study noted that 
the A 1 symmetry bands have only two main lobes, with the origin at the centre, while 
B 1 bands have triple headed structures of PQR type, and an origin again at the 
centre 29 . From this and related data for other XY 2 molecules, the force constants for 
a whole series were extracted in high accuracy 301 . 
6.1.3.1 A comparison of the electronic structures of the series with 
ozone 
Each of the molecules is assumed to be C2v as is the case with ozone, so there is one 
bond length and one angle to consider. As with all C2v  molecules, the molecule lies 
in the yz-plane, so the x-direction as the it-direction. For F 20 and 03 the core 
electrons are 2a1+ lb2. The number of each symmetry type of valence shell orbitals 
for F20 are 4a 1+1a2+3b2+2b1, and the simple difference to ozone is that the orbital 
2b 1 orbital of ozone is doubly occupied in F20. Thus the extensive mixing of 2b1 
necessary to make the ground state wavefunction agree with experimental data for 
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ozone, is already filled in F20. The Cl of F20 brings in the necessity to consider 
further orbitals above, and this also is important, because the high polarity of F 20 
makes the molecule very weakly bound unless there is extensive Cl. This aspect is 
discussed both in relation to structure and molecular electronic properties below. 
6.1.4 A comparison of the core electrons in F20, C120, Br20 and 120. 
Because of the differing numbers of electrons associated with the halogen atoms, the 
total number of occupied molecular orbitals varies from 13(F20), 21(C120) 39(Br20) 
to 57 (120). However, the number of valence orbitals (10 MO's) are the same. So in 
the following discussion, the core orbitals are ignored. For F20, the core is 1a 1 2a1 
lb2 corresponding to symmetric and antisymmetric combinations of the is orbitals 
for the F-atoms (la i + 1b2) and the is orbital of the 0-atom. The same situation 
occurs with the core electrons for C120 (is 2 2s2 2p 2 2p 2 2p 2 on each Cl, with the 0-
atom) leading to the core being a total of 11 orbitals; although the Cl-atoms have d-
polarisation functions, the occupancy of these functions is very small. For Br 20, the 
next shell of electrons is occupied in the Br-atoms, so the core Br electrons include 
32 3,2 3p and 3d 1° electrons. The additional d-orbitals are made up of 	± d 
(ai + b2), d, ± d, (a2 + b1) and d2 - d 2 - d 2 (ai + b2). A further shell is present in 
the core for the iodine electrons of 120, leading to a total of2la 1 19b2 9b 1 8a2 
orbitals. 
F20 C120 Br20 
Total orbitals 60 74 110 
a1 26 31 44 
b1 9 11 16 
19 24 37 
a2 6 8 13 
Core 2a1+ lb2 5a1 + 1 a2+4b2+ lb1 111 al+4a2+ 1 0b2+4b1 
Valence 4a1+ 1 a2+3b2+2b1 4a1+ 1 a2+3b2+2b1 4a1+ 1 a2+3b2+2b 1 
Energy /a. u. 
3a 1 -1.7515 -1.4324 -1.3726 
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2b2 -1.6373 -1.1319 -1.0415 
4a 1 -1.2910 -1.0315 -0.9719 
lb, -0.8180 -0.6642 -0.6206 
5a1 -0.7992 -0.6399 -0.5937 
3b2 -0.7968 -0.6584 -0.6079 
1a2 -0.7241 -0.5045 -0.4514 
02 -0.6819 -0.4816 -0.3409 
6a 1 -0.6556 -0.4913 -0.4471 
2b -0.5881 -0.4545 -0.4190 
7a1 +0.1081 +0.0234 +0.0026 
5b2 +0.1522 +0.1098 +0.0909 
8a1* +0.4953 +0.4279 +0.3194 
Table 61 Summary of the TZVP basis set ground state SCF orbital energies for F20, C120 
and Br20 (valence shell numbering only). 
The SCF occupied orbitals and summary of input data for the TZVP basis set 
calculations is shown in Table 6.1. The orbital energies are labeled as for F 20 in 
terms of symmetry designations, but the order of orbitals is not the same across the 
three molecules, although the energy differences are small. This point is discussed 
again in relation to the ionisation potentials using the Green's Function and TDA 
methods later. The energy gap between the occupied and virtual set decreases as the 
atomic number of the halogen increases, so that the number and excitation energy of 
the excited states can be expected to reflect these changes, as shown below. 
6.1.5 The ground state molecular and electronic structure of F20 
6.1.5.1 The equilibrium structure and comparison with experiment 
The weak bond energy of F 20 (2.45eV) 311 arises from the set of 3ir orbitals being 
filled with 6 electrons, and hence one ic-bonding, one ic-non-bonding and one it-anti-
bonding orbital are all doubly occupied [32]  This, and the small number of electrons, 
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has been responsible for a considerable number of experimental and theoretical 
studies into the ground state and energy surface [33,341  for F20. Many of these studies 
were focussed on approaches to minimise the computational expense, when the 
calculations were difficult to perform owing to inadequate computing facilities; such 
studies have been overtaken by events and are not generally discussed here, except 
where general points arise. As an example, addition of mid-bond functions of s,p-
types are similar in effect to (the more expensive) d-polarization functions on the 
atoms, but have the advantage that some weakly bound molecules are no longer 
unstable to dissociation [351•  There are conflicting reports in the literature [36] 
concerning the use of small bases in SCF calculation on F20, where it seems the 
polarization functions on small bases may be responsible for the shortening; thus a 6- 
31 1G calculation gave 0-F 1. 399Ang.,  while a 6-311 G* * gave 1.335 Ang., the 
former being close to experiment 37 . 
In fact, even a small basis set, such as 6-31 G* * will give a good account of the bond 
length, when studied at the MP4 level [38]  The bond angle F-0-F is relatively 
constant over the range of calculations, but again the MP2 one is close to the 
microwave spectral one. The results are similar to those of Gimarc et alt39 , who 
studied both F20 and C1 20, with the 6-3 1G**  basis set at the RHF (SCF) and MP2 
levels, as part of a study of the series X20n  where X = F,Cl and n"1,2,3 etc. A 
surprising result is the SCF calculation [34]  with a 4-31 G basis set, which gave an 
equilibrium bond length of 1 .422Ang, considerably longer than most SCF values. A 
correlated electron study using the CEPA methodology [40]  and a DZP basis set 
lengthened the SCF 0-F bond from 1.339 Ang. To 1.440 Mg., and hence over 
compensated. This is in contrast to a 900 term singles and doubles CI study, which 
gave a bond length very similar to experiment [411 
Because of the need to compare with ozone, a number of studies were made of the 
ground state of F20, using SCF, CCSD(T), MP2, CASSCF and MCSCF 
methodologies. The principal results, are separated into two Tables (6.2a and 6.2b), 
and give the molecular properties for each method. The present results using the 
TZVP+CCSD(T) results are very similar to those of Thiel eta! [42];  however, such a 
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wavefunction is not usable in the large scale Cl studies, so that another choice has to 
be made. Overall, the best agreement with the experimental rotation constants is with 
the TZVP+MP2 optimized structure. The SCF optimized structure has a much 
shorter F-O bond, while the CASSCF and MCSCF are too long, but by small 
amounts. The two larger calculations by the CASSCF and MCSCF methods, also 
lead to relatively close agreement with experiment, and this suggests that larger 
CASSCF/MCSCF would perform even better. However, the ease of performing the 
MP2 calculation makes a wavefunction of this type, the one of choice for Cl studies. 
Method Expt. 
[13151 
SCF CCSD(T) MIP2 
Energy /a.u. -0.563242 -1.267462 -1.237711 
(+273) 
FO/ang. 1.412[MW,8] 1.34061 1.42747 1.41472 
1.418[ED,43] 
1 .405[IR, 33] 
FOF/degr. 103.17[MW] 103.56 103.27 103.34 
103.2[ED] 
103.07[IR,33 ] 
A 58782.63(5) 65265.55 57197.14 58327.60 
B 10896.43(1) 11990.31 10617.84 10798.99 
C 9167.41(1) 10129.38 8955.39 9111.97 
V I(AI) 928.0705(1) 1197.53 957.13 933.41 
[29][44] 
V2(AI) 461.5600(8) 586.25 516.89 471.36 
[45][46] 
V3(B2) 828.69' 1192.19 904.66 860.20 
Table 6.2a. Summary of the equilibrium structures for F 20 with the method used with the 
TZVP basis set. 
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Method Expt. CASSCF CASSCF MCSCF MCSCF MCSCF 
Dimension 6746 17945 6653(a*) 69273(c,*) 68709(cy7t *) 
Energy/a.u. 
(+273) 
-0.712516 -0.741790 -0.717759 -0.737550 -0.741056 
FOlang. 1.412 1.43789 1.43295 1.44108 1.43569 1.43226 
FOF/degr. 103.17 102.16 103.36 103.04 103.13 103.46 
A 58782.63(5) 55019.87 56868.82 55842.48 56369.52 57052.90 
B 10896.43(1) 10627.97 10524.51 10450.97 10516.86 10519.41 
C 9167.41(1) 8907.37 8880.94 8803.41 8863.25 8881.79 
Table 6.2b. Summary (continued) of the equilibrium structures for F 20 with the methodology 
used with the TZVP basis set. 
The MP2 wavefunction differs from the SCF one in the following way (Table 6.3), 
where only the higher occupied SCF orbitals are shown together with the virtual 
orbitals with highest incorporation into the MP2 wavefunction. The CASSCF and 
MCSCF wavefunctions show similar characteristics, with the principal excitations 
being from 6a1 and 02 into 7a1 and 5b2. In both the CASSCF and MCSCF 
wavefunctions, because all the excitation is into only a small set of a*  and ir 
orbitals, the incorporation of the leading terms 7a1 and 5b2 is larger than in the MP2 
calculation where the total a*  and ir density is spread over many orbitals. 
Occupation numbers in orbitals 
2b 1 5a1 6a1 02 7a1 5b2 2a2 6b2 3b1 
SCF 2.0000 2.0000 2.0000 2.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
MP2 1.9707 1.9790 1.9327 1.9292 0.0689 0.0619 0.0161 0.0139 0.0114 
MCSCF 
(ar*) 
1.9853 1.9932 1.9115 1.9143 0.1032 0.0925 0.0108 (0.0) 0.0141 
Table 6.3. Comparison of the SCF, MP2 and MCSCF wavefunctions for F20. 
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6.1.5.2 The vibrational spectrum of F20. 
Comparisons of the calculated and observed vibrational data, are complicated not 
only by several factors. The calculated ones are harmonic, rather than the 'real' ones 
which are anharmomc, but also by the fact that for F20, v i 2v2 (both A1 in 
symmetry) in the experimental spectrum. This means that Fermi resonance is to be 
expected, and this has been quantified to show that the 'unperturbed' frequencies are 
even closer (924.15 (v i ) and 919.96 (2v2) cm 118'29'48501 . One effect of these 
perturbations is that overtone bands are not in the expected positions. The zero-order 
frequencies determined in these studies are 944.93, 469.22 and 843.86 cm for v 1 to 
V3 [33,48] The CCSD results from Thiel et a! [42]  are 993, 481 and 945 cm', quite 
similar to those of the present TZVP+MP2 study. The principal difference between 
[42]  and the present, is the separation of v 1 and v3. There are attempts to correct the 
harmonic force fields for anharmonic effects [511, but these are outside the scope of 
the present study. Similarly, for C1 20, the B2 (v3) and A 1 (vi) bands are also close ( 
50cm) leading to Coriolis coupling between them, and band shifts [22]  However, in 
comparisons of the molecular properties for the various wavefimctions for F 20 given 
below, it is worth noting at this point, that the harmonic frequencies are particularly 
close to the experimental ones for the MP2 calculation. Also, the RUI'ITYPE 
INFRARED package of GAMESS-UK is only available for closed shell SCF and 
MP2 calculations, so that direct calculation of the vibration frequencies and 
intensities by this method is not possible. Use of RUNTYPE FORCE is possible with 
the CASSCF and MCSCF packages, but there are no vibrational frequency 
intensities. Because the IvIP2 results are much better than the other methodologies, 
these RUNTYPE FORCE calculations were not performed. 
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6.1.6 The ground state molecular structures of C120, Br20 and 120 
The MP2 wavefunctions for F20 are probably more reliable than the CASSCF or 
MCSCF ones, because the a*7t*  orbital set in the CASSCF and MCSCF is so 
truncated; thus the MP2 calculations were used for the main study. A comparison of 
the available experimental data for these compounds with the present TZVP+MP2 
basis set calculations is shown in Table 6.4. The present results for 35C12 160  show 
that the rotation constant A is in error by about 4%, almost entirely due to the bond 
length being larger than the microwave r 0 value by 0.035Ang. In fact the 
spectroscopic re value is marginally smaller again, so the difference is slightly 
increased. For the series X20 for all halogens, comparison of the bond length with 
experiment shows very good agreement for X=F, while both C120 and Br20 have 
calculated bonds about 0.035Ang. too long. Similar results has been found for C1 20 
previously 52571 . A recent study using a series of density functionals gave values for 
the 0-X bond in the range 1.719 - 1.781 (X=Cl)Ang. and 1.860 - 1.921 (X=Br) 
Ang.; thus these also show a tendency to calculate too long a bond length [57]•  The 
Hartree-Fock-Slater (I-IFS or Xa) method [58]  with large TZ+2D bases, gives results 
similar to the R}{F method using the same bases, while the semiempirical AM1 
method gives rather poor agreement with the experimental structure of F20 (too 
short) and C120 (too long) [59]•  As part of a study on isomers of C1 202, a comparative 
study of various basis sets and methodologies in the coupled cluster (CC) and MP2 
area was reported. As the basis increased, there was some shortening of the CI-0 
bond towards the equilibrium value, but the effects were not smooth 531 . A recent 
coupled cluster with singles, doubles and triples (CCSD(T)) study of Br20 also gave 
a bond length (1.865ang.) longer than the substitution structure, and the angle was 
poorer than the present study 01 ; although the Ae value was closer to experiment than 
the present value, the other rotation constants were effectively unchanged. These 
studies suggest that the 1-0 bond in 120 will also be shortened relative to the present 
value to about 1.98Ang. The angles XOX are much closer to experiment with 
differences of only about 0.3°, and since there is a trend for the angle to increase with 
halogen size, this yields an angle of 115.7° for 101 in 120.  Early discussions of the 
experimental bond angles of 1420 (104.5), F20 (103.2) and C1 20 (110.8°) suggested 
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that the reason for C1 20 being larger was a result of electron donation from the 
oxygen lone pairs to Cl, leading to Cl = & - Cl, being more important than for F 
and H 61 . Given that F is more electronegative than Cl, this seems unlikely. The 
Mulliken charges shown below, indicate the reverse effect, with Cl being a donor to 
0, rather than an acceptor. 
The vibration frequencies in the infrared have been obtained for both C120 and Br20, 
using both gas phase and inert matrices. A comparison shows substantial agreement 
with the present data. Various authors have reported vibration frequencies for C120, 
and like the present work, the values from MP2 calculations are much closer to the 
experimental values than RF{F values [62];  however, in contrast to [621  the intensity 
ratios determined here have 1 3 >> II > 12 the last two being reversed in 
[621•  The force 
field generated from the microwave spectrum has led to further values, which are no 
closer to the IR data than the present work. The present calculated data, obtained 
under the same conditions (Figure 8. 1), shows that the A 1 frequency v1 drops much 
more rapidly than v2 or v3 as the halogen weight increases, so that a cross-over 
occurs between v1 (A1) and v3 (B2) between F20 and C120. The intensities of the 
series of bands do not show any clear pattern, except that v 2 is the weakest band in 
all four molecules. For the series X20, the internal ratios (relative to X=F) of the 
harmonic frequencies averaged over both the A1 bands (v i and v2) are about 0.63 
(Cl), 0.46 (Br) and 0.36 (I), values which correspond very closely to the estimated 
force constant ratios for the stretching vibrations (1: 0.68:0.51:0.39) [63-64]  . The values 
are even closer if the v 1 values are taken (1: 0.68:0.54:0.45). There are a considerable 
number of calculations on the IR frequencies for Br20, using MP2, CASSCF and 
differing levels of Cl; most of this work is concerned with differences in frequency 
with the non-classical isomer Br-Br0 1651 . The actual values obtained for Br20 show 
that the range of frequencies obtained for v2 is small, while both v 1 and v3 seem to be 
much more sensitive to the methodology. The present results are similar to these 
studies 651 . DFT functionals give a wide spread of values for the vibration 
frequencies, but from the data presented, it is not possible to determine which 
frequency belongs to B 2 symmetry, and hence to find whether the sequence of the 
frequencies v3 (B2)> vi (Ai)> v2 (A 1 ) is obtained [58]•  In fact the IR data for Br20 
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has been controversial in assignment 1 . Thus the large difference between the gas 
phase and matrix isolated (solid) is larger than for either F20 or C1 20, and the 
differences in value when 180 is substituted for 160,  have been claimed to lead to an 
unrealistic bond angle for Br20 1 . The assignment shown (Table 6.4) gives the most 
probable interpretation. The agreement with the present results is reasonably good. 
The recent CCSD(T) + MP2 study [53]  gives values rather similar to the present 
TZVP+MP2 one, with no better agreement with experiment. 
Method 02 160 79Br2 160 12712160 
Obs. 11 TZVP 
MP2 




X0 tang. 1.69587?(7)(r) 1.73585 1.8429(20) 1.87704 2.02117 
1.70038(69) (r0) 
XOX/degr. 110.886(6) 111.296 112.24(20) 112.139 115.698 
A 41938.9(4XAe) 40465.29 33220.617 31699.79 29034.27 
B 3704.73(4)(B e) 3518.61 1368.304 1320.13 680.00 
C 3404.07(4)(C) 3237.13 13 13.376 1267.35 664.44 





















686 670.8 716.30 
(1.980) 




Table 6.4. Comparison of calculated and observed structural, rotational and vibrational data 
for C120, Br20 and 120 
6.2 Molecular properties for the dihalogen oxides. 
6.2.1 Dipole moments for the dihalogen oxides. 
In the light of the previous section, the SCF wavefunction is not as acceptable as the 
more extended ones. The dipole moment of the MP2 wavefunction is relatively close 
in magnitude to the experimental one, with an absolute error of about 0.06D, even 
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though this is about 20% of the total value (Table 6.5a and Table 6.5b). All of the 
other dipole moments are relatively close to experiment but with little pattern in their 
variations. 
The dipole moments for the X20 series where X=halogen, show that only for F20 is 
the negative end of the dipole moment towards the halogen. The bond dipoles for the 
series are thus -0.0751(F), +0.1150(d), +0.1331(Br) and +0.4012D(I). The 
CCSD(T) bond dipoles for Br20, are much larger than the present study (+0.24e), 
although these lead to a lower overall dipole moment [60]  but the charge distribution 
seems too large, since the same effects would be expected for the other X20, leading 
to the conclusion that 120 would be largely ionic. Most studies of C1 20 and Br20 are 
concerned with either the bond energy or products from UV photo-decomposition in 
the upper atmosphere; one of the few which gives dipole moment data [62]  found that 
the dipole moment for C1 20 is little changed by MP2 studies relative to RHF (SCF) 
at the 631G**  level. The present study is in agreement with that conclusion. 
F20 Expt. SCF CCSD(T) MP2 
Dipole moment 
(i)[a] 




[16] -0.5321 -0.6181 -0.3056 
Qbb 1.9(8) +0.3803 +0.6464 +0.6523 
QCC -0.5(19) -0.1519 -0.0283 -0.3468 
Second 
moments[c] 
<a2> 25.2[16] 23.0925 25.7808 25.5782 
6.9 6.8109 7.3008 7.4744 
3.0 3.0300 3.0689 3.0839 
10 Quadrupole 
coupling[d] 
-21.5570 -21.1819 -18.1320 
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Xbb -8.4500 -9.7951 -9.7270 
Xcc(7) 30.0070 30.9770 27.8590 
Asymmetry 
parameter(1) 
0.4368 0.3677 0.3017 
Diamagnetic 
susceptibility[e] 
-42.01 161 -41.75 43.9940 44.3283 
Xd 
bb -119.7 -110.82 -122.3970 -120.8484 
-136.2 -126.860 -140.3513 -138.3572 
Table 6.5a. Molecular properties for F 20 compared with experimental data. 
Debye 
1026  esu.cm2 
1016  cm2 
MHz 
10 emu.mol 
6.2.2 Second and quadrupole moments for the dihalogen oxides. 
The molecular quadrupole moments for F20 are only poorly known [16]•  The only 
certain fact is that Qbb  is larger than the other two terms, which have such large errors 
that it is not even certain that Qaa is larger than Q; indeed the MP2 and several of 
the other larger calculations suggest that Q 	Q (Table 6.5b). Because the tensor is 
traceless, the sign of Qbb  is opposite to the others and much larger. An experimental 
redetermination of this data seems worth persuing. The present values seem superior 
to those of the DZP basis SCF calculations of Rothenberg et al 173 
F20 Expt CAS CAS MCSCF MCSCF MCSCF 
SCF SCF 
Dimension 6746 17945 6653(a*) 69273 68709 
(a*) 
0.30818(3) 0.38618 0.19134 0.28010 0.33883 0.36705 
[151 
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-18.7902 -17.7605 -18.3651 
Xbb -9.3911 -9.5035 -9.8095 




0.3335 0.3029 0.3037 
Quadrupole 
moments 
Q 1.6(14) ['61 -0.1599 -0.3506 -0.0546 -0.3319 -0.2005 
Qbb 2.1(11) +0.5548 +0.7122 +0.5951 +0.6215 +0.7157 
Q -0.5(19) -0.3949 -0.3616 -0.5404 -0.2896 -0.5 152 
Second 
moments 
<a2> 25 .2[161 25.5782 29.9165 25.9478 25.8562 25.8298 
-<b2> 6.9 7.4744 8.4794 7.4048 7.3730 7.3044 
3.0 3.0837 3.0944 3.1065 3.0852 3.1139 
Diamagnetic 
suscept. 
42.0 -44.7915 -44.2280 -44.5933 -44.3634 -44.1985 
X'bb -119.7 -121.1594 -122.7985 -123.2585 -122.7797 -122.7894 
-136.2 -140.2197 -140.7276 -141.4924 -140.9690 -140.5660 
Table 6.5b. Summary of the equilibrium structures and molecular properties for F20 with the 
method used with the TZVP basis set (continued). 
On the other hand, the values of the electronic terms of the second moments of the 
charge distribution, are much more accurately known[16],  although the values are 
scaled to a value for <c 2>. = 3.0 x 10 16cm2, based upon free atom values. In practice 
this seems a good assumption, since the present calculations are in close agreement 
with this. All calculated values are relatively close to experiment, including the SCF 
values, such that the order of the terms is clear, with <a 2> > <b2>>> <c2>. The 
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present values are very close to the DZP basis set results of Rothenberg et al 7 , once 
the difference in coordinate systems have been taken into account. 
6.2.3 Diamagnetic susceptibility for F20 
The present results are similar for all methods to those determined experimentally 
[16]  Since this is closely related to the second moments of the charge distribution, this 
is expected to be the case. The present results are relatively similar to those reported 
previously, with a smaller basis set 71 . As with the electronic term of the second 
moments of the charge distribution, small basis sets are capable of generating good 
agreement with experiment [681 
6.2.4 17  Nuclear quadrupole coupling in the dihalogen oxides. 
Both H20 and F20 have the C2 symmetry axis as the b-axis, while the c-axis is out-
of-plane. Comparison of the 17  quadrupole coupling constants for the two 
molecules, calculated at the MP2 level (Table 6.5a and Table 6.5b) with the TZVP 
basis set, shows that the same order of the terms occurs, with x(7t)I > IX.ai>> IXbbI, 
but that the F 20 values are about three times larger. 
6.2.5 Halogen nuclear quadrupole coupling in the dihalogen oxides. 
Although the 79Br nuclear quadrupole coupling constants for Br 20 wave recently 
been determined with considerable accuracy 24 ' 691 those for C120 are only poorly 
known, even from recent investigations [18,221  The present values (Table 6.6) are in 
good agreement with experiment, with differences of a few percentage points only. 
This is as found in the halogenoazides etc. Again, assumptions that the EFG principal 
axis tensor element [18]  lie along the bond, are inadequate, with the field gradient axis 
Xzz lying close to the bond but slightly rotated towards the other halogen atom, by 
about 2°. These small differences between EFG_PA and bond axis have been 
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discussed in detail elsewhere (69-7 ' 1 . The results of an SCF-MS-)ç study [39]  of C120 
leads to EFG-PA values which demonstrate the nearly cylindrical bonding along the 
0-Cl bond, since as in the present study, two of the tensor elements are nearly equal 
in both sign and magnitude. Both studies appear to show that the larger of the two 
similar tensor elements has it-character. The apparent satisfactory agreement 
between the X< calculated halogen quadrupole coupling constants and experiment, is 
somewhat fortuitous for the Br and I compounds reported, since the values used for 
the 79Br and 127j  atomic quadrupole moments are older values than now accepted, 
and are some 12% low. Hence the calculated QCC results [39]  are really some 12% 
larger than claimed. 
Method C120 Br20 120 
Total energy/a.0 -994.3562735 -5220.2953927 
X0/ang. 1.73585 1.87704 2.02117 
XOX/degr. 111.296 112.139 115.698 
0bs. 8] Caic. Obs. 1241 Calc. 
A 42044 40465.29 33220.617 31699.79 29034.27 
B 3682 3518.61 1368.304 1320.13 680.00 
C 3380 3237.13 1313.376 1267.35 664.44 
Dipole moment 
(.i)[a] 
0.8982 1.1260 1.305 1 
Quadrupole moment [b] 
Q +4.0428 +6.3542 +9.1489 
Qbb -1.5987 -2.7795 -3.9959 
Q -2.4441 -3.5747 -5.1530 
Electronic term of second moments[c] 
<a2> -75.4166 -177.33750 -321.7399 
-<b2>. -12.5868 -16.71085 -21.7889 
-6.4896 -8.92976 -13.3278 
170 Quadrupole coupling[d] 
-13.9020 -12.1682 -10.4555 
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Xbb -5.6147 -5.5591 -3.6118 
+19.5168 +17.7272 +14.0673 
Asymmetry 
parameter(1) 
0.4246 0.3728 0.4864 
Halogen quadrupole coupling[d] 
Inertial axis 35C1 79Br 1271 
Obs. 8' Caic. Obs. 24 Caic. 
Xaa -74 -68.7292 +552.119 +578.3513 -1995.4952 
Xbb +8 +7.7317 -73.379 -81.1587 +425.5310 
x) +66 +60.995 
5 
478.740 497.1218 +1569.3524 
Asymmetry 
parameter(1) 
0.78 0.7749 0.7342 0.7192 0.5732 
EFG-PA Caic. Caic. Caic. 
Xzz -116.9731 +967.2062 -3110.8546 
XYY +60.9955(it) -497.1218(n) +1569.3524 
(it) 
XXX +55.9755 470.0136 +1540.8905 
Asymmetry 
parameter(1) 
0.0429 0.0280 0.0091 
Electronic term of diamagnetic susceptibility[e] 
-80.9301 -108.7779 -148.9798 
-347.4742 -790.2078 -1421.4683 
X cc -373.3389 -823.2154 -1457.3598 
Table 6.6. Comparison of the molecular properties for the higher halogen oxides. 
Debye 
1026  esu.cm2 
10- 16 cm2 
MHz where 
la.u. = -19.184484 MHz ("Cl) = +77.77176M1{z ( 79Br) = -185.38344 MHz( 1271) 
10 emu.mol 
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6.2.6 The electron distribution in the X20 series. 
For both F20 and C120, two basis sets were used (TZVP and QZVP), where the 
larger one has lowest exponents 1/3 of the TZVP ones, for each s,p,d-orbital. 
Although these differences were incorporated to make more low-lying virtual MOs, 
they have comparatively little effect on the bond lengths or angles. The effect on the 
atomic populations is more apparent (Table 6.7); generally the sign of the net charges 
is unchanged, but the magnitude is increased on oxygen in the QZVP series for C120 
in particular. This shows that TZVP is not adequate for this atom. Because of the size 
for the Cl calculations on excited states, it was not possible to introduce further 
diffuse functions into the bases for Br and I designated TZVP. Thus direct 
comparison of all the columns in Table 6.7 is difficult. The charges on F in F20 are 
smaller than those found for smaller basis sets, such as STO3G/43lG/631G**, 
which is the standard effect of larger bases. However, the DZ calculations of Ewig et 
a! [321  are relatively close to the present results; that work was important in drawing 
attention to the fact that most of the charge transfer from 0 to F lies in the -orbitals. 
The contrast with ozone was noted, where the t-orbitals had a larger effect. Small 
basis sets and SCF results both tend to over-estimate the importance of ionic 
structures, and this is reduced when MP2 or Cl is included [72]•  The present results 
are smaller than the generalized atomic polar tensor (GAPT) method [73],  which 
seems to produce very large charge separations. For example, 0- C=O has a GAPT 
central atom charge of+l.0 to ±l.Se (depending upon the basis set) L731,  which seems 
unrealistic, since this would lead to a very large quadrupole moment which isn't 
found in practice. 
The atomic charges as given by the Mulliken populations show the halogen slightly 
positive for the Cl and Br compounds, with a marked increase in positive charge for 
120; The present results for C120 are not very different from the recent CCSD(T) 
study 153],  which gave charges on each Cl (and hence bond dipoles) of +0. 15e. A 
comparison with the SCFMSXa 1391 calculations shows that for C1 20 the charge on 
the oxygen atom is very dependent upon the basis set, although the Cl atom is 
positive in both studies. The present work suggests that the X a results with s,p-bases 
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only is probably more reliable than the s,p,d-basis set results, which make the bond 
dipole moments only 0.018e. This is close to the nearly neutral C1-0 bonds 
postulated for C1 20 on the basis of elementary theories of the occupied MOs 741 . 
The 'atoms in molecules' (AIM) procedure carries out numerical integration of the 
total wavefunction at the 'critical point' (CP) along the bond axis, where the electron 
density is stationary, and hence does not involve the basis sets directly, but only the 
wavefunction they produce 17578];  the present net atomic charges for X20 where X = 
F, Cl and Br are double the Mulliken populations, while that for X=I is very similar 
in both methods. In another study of F20 where the electron density was determined 























qx -0.07511 -0.09166 +0.11499 +0.22245 +0.13306 +0.40123 
qo +0.15022 +0.18333 -0.22998 -0.44490 -0.26613 -0.80246 
AIM charges / e 
qx -0.13175 +0.22883 +0.28850 +0.46764 
qo +0.26350 -0.45767 -0.57700 -0.93528 
AIM CP distances (Ang) 
Rx 1.3754 1.6050 1.7581 1.9076 
R0 1.3000 1.7615 1.7897 1.9138 
Table 6.7. The total atomic populations and charge densities for the series X20 
6.3 The atomic coordinates in the X20 series. 
The final coordinates of the atomic positions for the series of molecules, in the 
inertial axis systems are shown in Table 6.8, since these may be used to generate 
additional material at a later date. 
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Atom a b c 
F20 0 0.000000 0.550450 0.000000 
F ±1.109811 -0.326906 0.000000 
C120 0 0.000000 0.797183 0.000000 
Cl ±1.433046 -0.182318 0.000000 
Br20 0 0.000000 0.951337 0.000000 
Br ±1.557404 -0.096407 0.000000 
120 0 0.000000 1.011805 0.000000 
I ±1.711219 -0.063763 0.000000 
Table 6.8. Atomic coordinates in the inertial axis frame for the dihalogen oxides (Ang.) at the 
TZVP+MP2 level. 
6.4 Conclusions 
A comparison of the electronic structures of the series with ozone has been made; 
because of this a number of studies were made of the ground state equilibrium 
structure of F 20, using SCF, CCSD(T), MP2, CASSCF and MCSCF methodologies. 
Overall, the best agreement with the experimental rotation constants is with the 
TZVP+MP2 optimized structure, but two larger calculations by the CASSCF and 
MCSCF methods also lead to relatively close agreement with experiment. For the 
series X20 for all halogens, comparison of the bond length with experiment shows 
very good agreement for X=F, while both C1 20 and Br2O have calculated bonds 
about 0.035Mg. too long, an error of about 4%. These studies suggest that the 1-0 
bond in 120 will also be shortened relative to the present value to about 1.98Mg. The 
angles XOX are much closer to experiment with differences of only about 0.3°, and 
since there is a trend for the angle to increase with halogen size, this yields an angle 
of 115.7° for 1-0-I in 120. 
Comparisons of the calculated and observed vibrational data for F20, are 
complicated by the fact that for F20, v j 2v2 (both A 1 in symmetry) in the 
experimental spectrum leading to Fermi resonance. Similarly, for C120, the B 2 (v3) 
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and Ai(v i ) bands are also close (& 50cm) leading to Coriolis coupling between 
them and band shifts. One effect of these perturbations is that overtone bands are not 
in the expected positions. The harmonic frequencies are particularly close to the 
experimental values for the MP2 calculation of F20. The principal difference 
between the CCSD results from Thiel et a! [42]  and those of the present TZVP+MP2 
study is the separation of v 1 and v3 but otherwise the two studies are very similar. 
The vibration frequencies in the infrared have been obtained for both C120 and Br20, 
using both gas phase and inert matrices. A comparison shows substantial agreement 
with the present data; for C120 the values from IvlP2 calculations are close to the 
experimental values. The present calculated data, shows that the A1 frequency v 1 
drops much more rapidly than v2 or v3 as the halogen weight increases, so that a 
cross-over occurs between v 1 (A 1 ) and v3 (B2) between F20 and C120. The 
frequencies obtained for Br 20 show that the range of frequencies obtained for v 2 is 
small, while both v 1 and v3 seem to be much more sensitive to the methodology. The 
JR spectral assignment for Br 20 is controversial 661 . The present assignment shown 
gives the most probable interpretation, the agreement with experimental values being 
reasonably good. 
All of the dipole moments for the dihalogen oxides are relatively close to 
experiment, with little pattern in their variations. The dipole moment of the MP2 
wavefunction for F20 is relatively close in magnitude to the experimental one, with 
an absolute error of about 0.06D, even though this is about 20% of the total value. 
Only for F20 is the negative end of the dipole moment towards the halogen. The 
bond dipoles for the series are thus —0.0751(F), +0.1 150(d), +0.133 1(Br) and 
+0.4012D(I). The CCSD(T) bond dipoles for Br20, are much larger than the present 
study (+0.24e), although these lead to a lower overall dipole moment [60]  but the 
charge distribution seems too large, since the same effects would be expected for the 
other X20, leading to the conclusion that 120 would be largely ionic. 
The molecular quadrupole moments for F20 are only poorly known [16]  The only 
certain fact is that Qbb  is larger than the other two terms, which have such large errors 
that it is not even certain that Q is larger than Q; indeed the MP2 and several of 
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the other larger calculations suggest that Q 	Q. Because the tensor is traceless, 
the sign of Qbb  is opposite to the others and much larger. An experimental re-
determination of this data seems worth performing. 
However, the values of the electronic terms of the second moments of the charge 
distribution, are much more accurately knownU61,  although the values have been 
scaled to a value for <C2> = 3.0 x 10 6cm2 , based upon free atom values. This seems 
to have been a good assumption, since the present calculations are in close agreement 
with this. All calculated values are relatively close to experiment, such that the order 
of the terms is clear, with <a 2>> <b2>>> <c2>. The diamagnetic susceptibility 
results for F 20 are similar for all methods to those determined experimentally. 
35Cl, 79Br and 127j  halogen nuclear quadrupole coupling in the dihalogen oxides show 
that for C120 and Br20 the values are in good agreement with experiment with 
differences of only a few percentage points. Again, assumptions that the EFG 
principal axis tensor element [18)  lie along the bond, are inadequate, with the field 
gradient axis X,, lying close to the bond but slightly rotated towards the other 
halogen atom, by about 2°. 
For the electron distribution in the X 20 series for both F20 and C1 20, two basis sets 
were used (TZVP and QZVP), where the larger one has lowest exponents 1/3 of the 
TZVP ones, for each s,p,d-orbital. Although these differences were incorporated to 
make more low-lying virtual MOs, they have comparatively little effect on the bond 
lengths or angles. The effect on the atomic populations is more apparent, generally 
the sign of the net charges is unchanged, but the magnitude is increased on oxygen in 
the QZVP series for C120 in particular. This shows that TZVP is not adequate for 
this atom. The atomic charges as given by the Mulliken populations show the 
halogen slightly positive for the Cl and Br compounds, with a marked increase in 
positive charge for I in 120; The present results for C120 are not very different from 
the recent CCSD(T) study [53j,  which gave charges on each Cl (and hence bond 
dipoles) of +0. 15e. The 'atoms in molecules' (AIM) net atomic charges for X20 
where X = F, Cl and Br are double the Mulliken populations. 
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Chapter 7 lonised and Excited states of F20, C120 and Br20 
7.1 lonisation potentials for the halogen oxides. 
As mentioned previously, the UV-photoelectron spectra are known for both F 20 
(He(I) ' and He(II) 21) and C120 (He(I) hI)  There are previous studies of the IN using 
Green's Function calculations and a DZ basis set 3 , the results of which have been 
compared with perturbation theory corrections to the Koopmans' theory values [4] . 
The results are similar, but are extended in the following study. A more extensive 
study of the valence, Rydberg and ionic states by multi-root, multi-reference CI has 
been reported, and the results will be given in detail below 5] 
7.1.1 The Greens Function and Tamm Dancoff studies. 
The ionisation potentials for these compounds are required to provide the limit of the 
Rydberg excitation processes. In this Section, the IP's are calculated by means of the 
Green's Function and Tamm-Dancoff approximation (TDA). The principal results 
are shown in Table 7.1. These calculations were performed with differing numbers of 
active orbitals, in order to check that the results were not dependent upon the size of 
the active set of MOs.. The core is electrons were frozen, the whole valence set of 
electrons were included, and varying numbers of virtual orbitals included. The orbital 
energies for the valence shell of F 20 were given at the start of Chapter 6. The GE and 
TDA results for F20 are fairly similar, except for the inner it-orbital (1B1), where the 
electron density is split into two main bands in the IDA calculation. This lies above 
the range of interest to the present excited state investigation. 
For F20, the largest number of active MOs was 45, which included 10 valence 
orbitals and 35 VMO's. For both the 2A 1 and 2B2 ionic states linear combinations of 
MOs were found to occur. Thus the four lowest 2A 1  + 2B2 states were 
2A1: 0.91[6a1 ] - 0.24 [5a1] (16.526eV), 0.25 [6a 1 ] + 0.86 [5a1] (19.641eV). 
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2B2 0.91 [4b2] + 0.20 [3b2} (16.507 eV), 0.21 [4b2] - 0.88 [3b2] (20.866eV). 
Although both pairs have a high proportion of one orbital vacated, the linear 
combinations are quite obvious, and notable for the reversed signs in the order of 
states in A 1 and B2 symmetry. Under the Green's function methodology, these 
splittings of the energy levels do not occur, and this was also true when small 
numbers of active VMO's were used, so the effect is produced by interactions with 
higher VMO's. The present results (Table 7.1) are similar to those of previous 
Green's function calculations [6]  and related calculations based on perturbation theory 
[7,8] but the basis set is larger. Similarly, the Cl study shows two pairs of very closely 
spaced IPs, where 1P2 and 1P3 are reversed in order in the CI and TDA results when 
compared with the GF study. The principal differences between the CI and the 
present study are the larger separations of la2 1 and 1b 1 ' which leads to difficulty in 
assignment of the former [5] 
Vacated 
orbital 
Cl Green's function Tamm 	 Dancoff 
approximation 
IP Pole strength IP Pole 
strength 
2b 1 1 13.43 13.0285 0.9013 13.573 0.8813 
6a 1 16.36 16,2453 0.9048 16.526 0.8203 
4b2 1 16.17 16.4186 0.8970 16.507 0.8290 
1a2 1 17.41 16.8989 0.8831 17.030 0.8404 
1b 1 ' 19.52 18.7299 0.8581 18.946 0.6946 
5a 1 19.55 19.2588 0.8739 19.641 0.7710 
3b24 20.49 20.3524 0.8899 20.866 0.7409 
lb 1 21.167 0.0902 
Table 7.1. Calculated ionisation potentials for F 20 by the Green's function and IDA methods 
compared with previous Cl studies. 
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7.1.2 Reconsideration of assignment for the UV-PES for F20. 
For F20, the UV-PESt 11 obtained under He(I) (21.211eV) irradiation, shows very 
small differences in calibration from the He(II) (40.8eV) one 21 ; the He(I) data is used 
here. The first band shows a well defined set of vibrational bands on the first IP at 
13.26eV, followed by a poorly defined broad band consisting of a shoulder on the 
low energy side(16. 17eV) and a maximum at 16.47eV. These are followed by two 
further broad bands with maxima at 18.68 and 19.20eV respectively; a further band 
was thought possible near 20.9eV. Although this study is concerned with the low 
energy excited states, it seems appropriate to determine the order of the ionic states 
more accurately, since the previous study, used the orbital energies of semi-empirical 
calculations'. The lowest IP is at 13.26eV, with two sets of vibrational bands, and is 
assigned to ionization from the HOMO 2b 1 (orbital ionized becomes 2b 1 1 , or ionic 
state 2B1). On the basis of the semi-empirical calculations 111 , which predict two EP's 
in that region, the broad structure between 16 and 17eV was assigned to ionization 
from 6a1 and 4b2 respectively.. The present study using the Green's function and 
TDA methods (Table 7.1) clearly shows three IP's in the range 16 - 17eV. The 
present calculations give two IP's close together (4b2 - ' and 6a1 1 ) and one slightly 
higher in energy (laj', at 17.030 eV), so that the shape does not match that found 
experimentally. The best way forward using the TDA calculations alone, is to study 
the variation in IP's with number of active orbitals. When this was done, it appeared 
that the 6a 1 ' state moves to higher energy more quickly than the 4bj 1 , and this 
suggests that the 2nd  IP is in fact 02 1 . This is then the shoulder at lower energy, with 
the main band at 16.47 eV as the 6a 1 1 + 1a2 1 IP's respectively, a conclusion which 
matches the areas satisfactorily. As a further confirmation of the order of ionic states 
for F20, a set of open shell SCF followed by MP2 calculations were performed, at 
the ground state equilibrium geometry. Thus although these calculations do not 
include structural relaxation, the open configurations are as required. The order of 
states was 2B 1 << 2B2 < 2A2 < 2A1 . The last two were unexpected in order. Hence, the 
open shell cation structures were optimised, the ionisation energies give the adiabatic 
IP's (eV) as shown in Table 7.2. These confirm the ionic states as 13.26 (2B 1 ), 16.17 
eV (2132), 16.47 eV( 2A1 + 2A2). The considerable shortening of the F-O bond in F20 1 
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(2B 1 ) found here is similar to that found for the corresponding ion in C120 when the 
ground state and ionic state calculated structures are compared 91 . The broad bands at 
18.68 and 19.50eV are then ascribed to ionisation from lB1 where the density is split 
into two main bands calculated to be near 18.5eV, and 5A 1 respectively. Although 
the present results are probably only preliminary estimates of the structural features 
of the ionic states, the variation in structure is considerable, both for the bond length 
and angle. For the angle, the loss of a cr-electron leads to the largest changes, while 
the 67r-electron is completely full, so that the loss of non-bonding it-electrons leads 
to little change in the angle. The present results are quite different from those based 
upon orbital energies (Koopmans' Theorem), where for example, Brundle et a! [2], 
give the order of states as B2 <A 1 <B1 <A2. However, it seems possible that these 
differences may in part be due to non-standard labelling of the symmetry states. 
F20 L' 2-ri D 1 2 '- 	1 2A 
Energy 1eV 13.4798 16.2923 16.7796 16.9016 
F-0 1.2770 1.3735 1.3276 1.3583 
F-0-17 108.23 80.36 120.91 100.58 
Table 7.2. The calculated adiabatic ionisation potentials and structures for the F 20 cationic 
states at the UHF-MP2 level. 
7.1.3 The assignment of the UV-PES for C120. 
The UV-PES is not of high signal to noise, so that several of the IP's are not well 
determined.in the early studies", but recent measurements have led to more 
resolution of fine structure"' ] . All the low-lying EP's are at lower energy than those 
for F20. The first band at 10.887 eV (the ground state of the ion, and hence X 2B 1 ) 
shows considerable vibrational structure, which has been resolved into two series in 
v 1 (677cm 1 , 0.084 eV) and v2 (661 cm', 0.082 eV) 1 ' 1 ; this band has considerable 
similarity to that for F20. A complex area near 12-13eV is clearly separated into 
three Jp'[lO]  which is the correct number of ionic species for this region, by 
comparison with F20. Again vibrational structure was recently resolved' 1 , and this 
leads to band origins for the A, B and C ionic states. These were assigned as A 2B2, B 
2A1 and C 2A2 The next set of bands are all broad, with poorly defined maxima at 
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15.90, 16.65 and 17.86 eV [10,11]  Of these, the last is the most intense which leads to 
an assignment below. For the first four IF's in C1 20, the order of states determined 
from semi-empirical MO studies 101 , was B2 <<B 1 <A2 <<A 1 ; thus the 1st jp for 
C120 was thought to be of different symmetry to that in p2 101 . DZP ab initio studies 
again using orbital energies, gave the order of states as B1 <A 1 , and this was justified 
by comparison with F20 and SC12 and the variation of bond angle with difference in 
IF of these two states, for the three compounds ' 2 . The present studies do not support 
these conclusions. The Green's function calculations suggest that all of the highest 6 
MO's will give Koopmans' like states, but the TDA limits that to the first 4 EP's, and 
3b2, with considerable fragmentation of the density of the remaining orbitals over 
several ionic states (Table 7.3). The TDA calculations give a very reasonable 
interpretation of the UV-PES, with groups of 1 and 3 IP's of Koopmans' type, 
followed by a set of 5 low pole strength Hines in the range 15-16.5eV which seem to 
match the observed pattern in that region. This followed by assignment of the much 
higher pole strength 3b2' states to the IP at 17.68eV. 
C120 Green's function Tamm 	Dancoff 
approximation 
liP Pole strength JP Pole strength 
2b 1 ' (X) 10.9496 0.9219 11.168 0.8839 
4b2- ' (A) 11.9355 0.9272 12.211 0.8800 
6a1' (B) 12.2500 0.9186 12.527 0.8706 
la2-1 (C) 12.4011 0.9200 12.587 0.8532 
1b 1 1 15.3943 0.8602 15.347 0.2309 
5a1 1 15.8880 0.8841 15.615 0.2742 
lb 1 .. 1 15.794 0.3374 
5a1 ' 16.440 0.5529 
1b1 1 16.509 0.2255 
3b1' 17.1620 0.9007 17.485 0.7808 
Table 7.3. The calculated ionisation potentials for C1 20 by the GE and TDA methods. 
As a final check, the open shell cationic states for each symmetry were obtained 
using the UHF-MP2 method. The results are shown in Table 7.4. The results are very 
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similar to the GF+TDA, with the assignment of IP's 1: 1: 2, with state symmetries 
2B2 : 2A1  + 2A2, in agreement with recent experimental work. 
C120 2 B 1 2 B2 2A1 
Energy/eV 11.1091 11.7845 12.4549 12.6789 
Cl-0 1.6077 1.7316 1.6102 1.7016 
0-0-0 119.30 89.24 133.93 109.22 
Table 7.4. The adiabatic ionisation potentials and structures for the C1 20 cationic states at 
the UHF-MP2 level. 
7.1.4 Prediction of the UV-PES for Br20 and 120. 
To date there is no UV-PES spectra for either molecule, but the first adiabatic EP for 
Br20 by photoiornzation mass spectrometry (PIMS) has been claimed as 10.26(1) 
evU3] ;  this is relatively close to the present vertical IP values from the GF and TDA 
methods. More recently, this claim has been contested E 14 on the basis of a series of 
electronic structure calculations of both the ground state and ionic state, and the 
vibrational structure expected from the ion. Whereas a single line was obtained [13], 
the computed envelope has been found to be a set of three vibrational series [14]•  For 
the present, we leave this matter, since the dispute relates to the identification of 
bands in the products present in the Br 2 + 0 reaction; the former 3 would assign this 
to Br2O, while there seems evidence that the product is Br02 [14] 
Turning to the present results for the vertical ionization processes, generally the first 
4 EP's are well separated from the following ones (Tables 7.5 and 7.6), and the 
separation within the group of four decreases as the halogen increases in size. The 
first two EP's are in the same order for Br 20 as C120, but the next two are nearly 
degenerate in both molecules, but with order reversed. The next group of orbitals 
show high pole strengths in the Green's function calculations, but these are split over 
several states in the TDA calculations. Thus the Br20 UV-PES could well be quite 
complex beyond the first 4 IP's and these could have a structure rather like C1 20. 
The adiabatic first [P of Br20 has been calculated by a variety of methods and basis 
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sets different from the present study [14];  the results varying from 9.80 eV (HF/6-
31G) to 10.48 eV (M1P2 optimized), but all relate to the 2  B 1 state. 
Br20 Green's function Tamm 	Dancoff 
approximation 
IF Pole strength IP Pole strength 
6b1 ' 10.4677 0.9245 10.348 0.8884 
13b2_' 10.8733 0.9269 11.017 0.8866 
5a2 ' 11.3335 0.9193 11.423 0.8526 
15a1 11.3922 0.9197 11.462 0.8709 
5b1 ' 14.6954 0.8615 15.398 0.1100 
5b 1 ' 14.937 0.4493 
5b1' 15.170 0.1122 
5b 1 ' 15.356 0.1044 
14a 1 1 15.1664 0.8758 15.022 0.3562 
14a1 4 15.073 0.3370 
14ai' 15.222 0.0734 
12b2' 15.8411 0.9038 16.125 0.4153 
12b2' 16.326 0.1699 
12b2' 16.389 0.2604 
Table 7.5. The calculated lonisation potentials tor 13r20 
The predicted UV-PES for 120 is moved further to low IF than the other dihalogen 
oxides (Table 7.6), so that more ionisation potentials occur in the He(I) region (up to 
21.211 eV). As with the other compounds, the Green's function calculations yield a 
set of Koopmans' type IP's, but these are split in the middle region of IF into a set of 
separate poles; however, the pole with maximum strength is usually fairly close to 
the Green's function one. The calculations suggest that the same type of groupings 
will occur for 120 as with other oxides, namely 1:1:2 or perhaps 2:2. The first IP is 
again calculated to be 7t-ioisation, but the separation from the next IF of a-type is 
very small. 
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120 Green's function Tamm Dancoff approximation 
IP Pole strength [P Pole strength 
9b1 ' 9.5425 0.9366 9.448 0.8939 
19b2 ' 9.3983 0.9414 9.700 0.8999 
8a2 ' 9.8964 0.9377 10.152 0.8697 
21a 1 1 10.2946 0.9274 10.463 0.8720 
20a 1 1 14.0870 0.8753 13.924 0.1098 
20a 1 1 13.994 0.6300 
8b1' 14.3251 0.8665 13.587 0.1014 
8b 1 ' 14.116 0.6758 
18b2' 14.5511 0.8664 14.680 0.7875 
19a1 ' 19.811 0.4712 
19a1' 20.109 0.0749 
17bj' 20.312 0.1781 
lThj. ' 20.565 0.2787 
Table 7.6. The calculated ionisation potentials for 120. 
7.2 The prediction of Rydberg state energies from the UV-photoelectron 
results. 
In summary, from the point of view of excited states, the lowest [P's are shown in 
Table 7.7, with the expected low-lying Rydberg states, using the energy relationship 
[P - E = R I (n-6)2 
Where R =13.61eV, n is the principal quantum number for the state, (3s, etc), and 6 
is the quantum defect, with values near 0.95 (s-states), 0.3 (p-states) and 0.1 (d-
states). 
F20 C120 Br20 120 
1P 1 13.573(2b1 1 ) 11.168(3b 1 ') 10.348(6b 1 4 ) 9.448(9b 1 ' 1 ) 
'P2 16.507(4b11 ) 12.21 1(7b2- ') 11.017(13b2- ') 9.700(19b2 1 ) 
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1P3 16,526(6a1 1 ) 12.527(9a 1 ') 11 .423(15ai') 10. 152(21a 1 1 ) 
1P4 17.030(1a2') 12.587(la2-1 ) 11.462(5a2-1 ) 10.463(8a1 1 ) 
ns 10.487 8.082 7.262 6.362 
np 11.706 9.301 8.481 7.581 
nd 11.955 9.550 8.730 7.830 
Table 7.7. Summary of the lowest IP's for the dihalogen oxides, and the predicted lowest 
Rydberg states from the first IP. 
7.3 Excited state studies for F20 
One of the first studies of the excited states of F 20 was by Herzberg [15]  who on the 
basis of correlations between linear and bent triatomic molecules, arrived at the 
ground state occupied orbital sequence of... (5a1) 2 (6a 1 )2 (4b2)2 (la2)2 (2b 1 )2 and the 
lowest singlet and triplet states as " 3B1 with occupancies ... (5ai) (6a1) 2 (4b2)2 (I a2)2 
(2b 1 ) 1 (7a1)'. It will be shown below that this is correct, but that the excited states 
beyond the first are much more complex. More recently [5],  a study of the excited 
states of both valence and Rydberg character has been reported. The underlying basis 
set is the [9s5p/4s2p] (DZ) basis set of Dunning, to which polarisation functions 
were added on both F and 0, yielding a DZP basis set. A set of s,p-bond functions 
were also added at the centre of the 0-F bonds, and perhaps rather unfortunately this 
was referred to as the 'DZPR' basis, since we have elsewhere used DZPR as 
DZ+polarisation+Rydberg functions. A set of diffuse s,p-functions were placed on 
the centre of mass with exponent 0.05. As a comparison we note that the present 
study uses, (a) different exponents for s- and p-type Rydberg functions, and (b) the 
values are 5: 0.021, 0.008, 0.0025; p: 0.017 and 0.009; d: 0.015 and 0.008 
respectively. The other low exponents in F 20 in the excited state study using the 
QZVP basis set are pr  0.0690 and so 0.0853 and p0  0.0550. Thus the Rydberg 
functions in [5]  are covered by the present basis set, which also offers the variation 
theorem a series of much more diffuse functions for the generation of Rydberg states. 
A reordered Table is given below for the main electronic states determined in 151• 
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7.3.1 Basis sets for the excited state studies 
Two initial studies were performed, with a valence TZVP basis set as used elsewhere 
in this study, and with this augmented with the same set of 3s2p2d Rydberg functions 
used for ozone. It rapidly became apparent that although the TZVP seemed 
reasonably satisfactory for the ground state of the molecule, especially when 
combined with MCSCF/CASSCF/MP2 correlation, that the Rydberg states obtained 
in the Al representation contained a variety of doubly excited states with closed 
shells. This appears to be a result of the lack of diffuse functions in the basis set, 
which will allow some extra electron correlation to occur. Hence the TZVP basis set 
was expanded, by introduction of a further s,p,d set on each atom, where the 
exponents are 1/3 of the lowest ones in the TZVP basis set. It is convenient to refer 
to these as QZVP (quadruple zeta). A summary of the basis set orbitals used in the CI 
is shown in Table 7.8. As such, these functions neatly bridge the gap in exponent 
range between the TZVP and the Rydberg functions. The effect of these functions is 
quite dramatic. 
In all of these studies, the only occupied orbitals excluded from the multi reference-
CI are the core orbitals (2a 1+1b2). Similarly, the only virtual orbitals excluded from 
the Cl are the core complements, with the same symmetries as the core itself. Thus 
the Cl is all except 6 MO's. 
F20 TZVP TZVP + 
Rydberg 
QZVP QZVP 	+ 
Rydberg 
Total orbitals 60 81 90 111 
a1 26 33 38 44 
b1 9 13 14 16 
b2 19 21 28 37 
a2 6 8 10 13 
Active orbitals 4 to 57 4 to 78 4 to 87 4 to 108 
a1 1 to 22 1 to 33 1 to 34 1 to 45 
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b1 23to31 34to46 35to48 48to63 
b2 32 to 48 47 to 67 49 to 74 64 to 93 
a2 49 to 54 68 to 75 75 to 84 94 to 105 
X'A1 	Cl 
energy/a. u. 
-274.18176 -274.18396 -274.23337 -274.23200 
p./D 0.2877 0.2551 0.3511 0.3412 
<x2>/cm2 -10.9 -11.0 -11.2 -11.1 
<y2>/cm2 -11.1 -11.2 -11.0 -11.0 
<z2>/cm2 -10.7 -10.9 -10.7 -10.7 
Table 7.8. Summary of the TLVP and extended Dasis sets in me ui stuates Tor i-U 
7.3.2 The orbitals of the QZVP+Rydberg set used in the final Cl 
The ground state wavefunction shows very small changes in dipole and second 
moments across the basis set range (Table 7.8), so that the effect of the added MO's 
is restricted to the excited states, as required. 
Most of the following discussion uses the QZVP+Rydberg basis set (Table 7.8). The 
low-lying virtual MO's are of dominantly Rydberg character, as is shown by the 
following summary of the Mulliken populations (Table 7.9). Thus the occupied 
MO's are SCF orbitals 1-13, and the Rydberg set are 14 onwards. The sequence 
numbers and orbital types are as shown. Only in the case of MO's 20 and 23 is there 
substantial mixing of different spatial types. These are linear combinations of 3dZ 2 ..R2 
and 3d 2 y2, in the ratios 0.63 to 0.36, and 0.36 to 0.63 respectively. Hence in the Cl 
study of either Rydberg state, it was necessary to include both. This inevitably led to 
some mixing of the final CI states, with a consequent effect on the values of the 
second moment composition in particular. Since the two atomic states are effectively 
degenerate, the energy of the excited states are nearly correct. A problem which 
requires a larger basis set for a solution, is that SCF-MO 34 (ai symmetry) (Table 
7.9), shows a large negative population of the diffuse oxygen s-orbital, a larger 
amount of z-orbital character on oxygen, and symmetric py and pz character on 
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fluorine. This MO is of very mixed character, and unfortunately plays a small but 
significant part in many excited states. Hence the energies of these states may need to 
be slightly modified, since a larger basis set, would probably separate these differing 
characters into separate orbitals. 
SCF 
sequence 






14 5 3s 0.9985 
15 6 4s 0.9840 0.0195 
16 7 3pz 0.0196 0.9654 
17 67 3py 0.9935 
18 48 3px 0.9963 
19 68 3dyz 0.9911 
20 8 3dz2 R2 0.9890 
21 95 3dy 0.9963 
22 49 3dxz 0.9913 
23 9 3d 2.y2 0.9954 
24 10 3s 0.9901 






Table 7.9. The low-lying virtual MO's for F20 
7.3.3 The excited states of F20 from the multi-reference Cl study. 
A summary of the excited states determined by the TZVP basis set (Table 7.10), 
shows a number of doubly excited states in the 1A1 manifold. These seemed to be 
rather unlikely, and this led to the decision to extend the basis set by additional 
functions on all three centres, of s,p,d-type. The exponents were definitely in the 
range of valence functions (>0.01) rather than Rydberg state functions (< 0.001). The 
lowest exponents were chosen to be 1/3 of the lowest other GTOs used in the basis 
sets for F and 0. 
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'A 1 'B2 
Energy! eV Leading Configns. Energy! eV Leading Coafigns. 
9.0474 6aia,* - 4b2b2 * 7.9637 4b2a,* 
9.8363 6a,a,* + 4b2b2* 8.9344 6a,b2' 
11.3011 SCF+ b2 *2  —2b, 2 12.9204 4b2a,* 
13.3165 SCF+ai *2 _2b, 2 13.1048 5a,b 1 
13.5814 5aia,* 13.3531 2b,1a2* 
'A2 'B, 
5.1502 2b,b2 5.9342 2b,a,* 
9.1402 la2a, 10.5346 1a2b2* 
12.8772 1b,b2 12.4330 lb,a, 
Table 7.10. Summary of valence states tor l2U obtainea using tne I LVI-' D5I5 set, snowing 
the low-lying doubly excited states in 1 A1 in particular. Other types of doubly excited states 
occur, such as 2bl4b2al*2  ( 1 A2) and 2bl4b2al*b2*(1Bl). 
73.4 Comparison of the results from the different basis sets. 
In this Section, the Rydberg state types are in abbreviated from; thus, 3 (x - y2) is a 
shortened form of 3d3 (x2 - y2), while 3px is abbreviated to 3x, and so on. Tables 
7.10,7. 11 and 7.12 show the results from three of the 4 sets of calculations performed 
on F20. The fourth set used the TZVP+Rydberg set, and although several of the 
Rydberg states found by this basis set are in good agreement with both the Rydberg 
formula, and with the larger QZVP+Rydberg basis set, there are several cases of poor 
agreement. Hence it was decided to omit the fourth set of results. In an attempt to 
determine the reproducibility or accuracy of the excitation energies, some valence 
states were determined from within two calculations, using different reference Cl 
sets. Thus the 'A2 valence state of 6a, b2*  type can be calculated from either the 
calculations focussed on the p,c  Rydberg states, or the p, ones. The energies for the 
same state calculated by these two methods are 5.3510 and 5.4873 eV respectively. 
Thus an energy difference of around 0.1 eV must be regarded as present in many of 
the calculations. Hence states differing by less than about 0.2 eV cannot be regarded 
as certain in energy order. 
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In the 'A1  manifold, there are three states which can be clearly recognised as 
equivalent in the three series of calculations. These are the linear combinations of 
6a 1 a, ± 4b2b2*, and 5a 1 a1states. The excitation energies for these are reduced by 
between 1 and 2eV on going from the TZVP to the QZVP basis sets. There was a 
much larger gap in the energy before doubly excited states occur with the QZVP 
basis set, and this seems a more realistic physical solution. Generally the QZVP and 
QZVP+Rydberg results are similar. Much the same effect is observed in the 
calculations on the 'B2 manifold. Thus it seems likely that the TZVP results for 
states, where no equivalent form was found for the QZVP set, are probably 1.5 ± 0.5 
eV lower than calculated here. In the TZVP series the lowest root (state) of each of 
the possible combinations of orbitals in the C2v  symmetry was sought. In most cases 
examples of all such states were obtained. 
In all cases where excitation from orbital 6a, was investigated, it was found that there 
were small contributions from the corresponding 5a1 excitation. Thus although there 
are thought to be some 3 eV between the two ionisation potentials, mixing still 
occurs, as was found in the corresponding calculations of the IN discussed early in 
this Chapter. The pair of ionic states 2A, were found to be linear combinations as 
follows: 
0.91[6a,] —0.24 [5a,] (16.526eV); 0.25 [6a,] + 0.86 [5a,] (19.641eV). 
In the same way, linear combinations of the 2B2 b2a1 valence states occur in the 
proportions, 
0.83 [4b2 al*] - 0.27 [3b2 al*] 
The opposite proportions occur in the next valence state of this type, and this is very 
similar to the proportions of the ionic states of 2B2 found in the ionisation potentials 
above, and reproduced here: 
2B2: 0.91 [4b2} + 0.20 [3b2] (16.507 eV); 0.21 [02] - 0.88 [3b2] (20.866eV). 
The intensities from the 4 irreducible representations vary markedly, with the general 
order, 1B2> 'A1>> 'B, with 'A2 zero by symmetry. By far the most intense states 
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based on f(r), are the aa' states, Irir', air' and Ira' being much weaker. In the QZVP 
basis set calculations, three valence states of 'B 2 symmetry, stand out in high 
intensity terms; namely a 6a1b2' state at 9.6165 eV, and a pair of 4b 2a 1 ' states at 
13.5312 and 13.9350 eV respectively. The first of these, 6a,b2' is lowered to 9.0220 
eV by the addition of Rydberg functions, and this is likely to be a more realistic 
energy for this state. Both the 5a, excitations into a,' and b2' valence states were 
found to be of very high intensity. The region where most intensity is expected to 
occur in the VUV spectrum, lies between 11 and 14 eV. Several bands are calculated 
to occur there, and since this is a region where the basis set must be limiting, more 
states are to be expected. 
In the low energy end of the \TUV spectrum, the lowest state in the singlet manifold 
is expected to be 2biai', 'B, in symmetry, and near 4 eV. This state is found by both 
the QZVP and QZVP+Rydberg bases. 
The values for the second moments of the charge distribution, <x 2>, <y2> and <z2>, 
form a consistent pattern, although small differences have not been interpreted. Thus 
valence states, generally have these terms in the range —11 to —20 a.u; 3px, 3py, and 
3pz states have the value of the second moment component in this direction near —50 
to —70 a.u., while the corresponding 4px,  4py, and 4pz  states have values in the range 
—100 to —120 a.u.. The d-type states follow a similar pattern, with the values for 3d,,2 
- 2 being typical. The s-type states follow the same pattern, with 5s states near —200 
a.u.. Because the molecule has C2v  symmetry, the individual components of the s-
type states are not equal, but are generally similar. Hence the classification of states 
as shown is not in doubt. 
Energy 
/eV 
Symmetry Type 106  f(r) <x2> <y2> <z2> 
4.2084 1B, 2b 1 a1' 226 -10.8 -12.6 -11.5 
4.8964 'A2 2b 1b2' 0.0 -10.7 -12.2 -11.5 
6.9539 'B2 4b2a,' 4235 -11.4 -10.8 -11.6 
7.1176 'A, 6a,a,' 11467 -11.4 -11.2 -11.1 
7.2639 'A2 la2a,' 0.0 -10.9 -11.5 -12.0 
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7.7424 'B, 1bIa,1a2b2* 232 -10.9 -11.5 -12.5 
8.4896 'A, 4b2b2 21088 -13.0 -11.1 -12.2 
9.1023 'A2 lb,b2* 0.0 -16.2 -28.8 -17.4 
9.2874 'B1 lb,a,*+1a2b2* 111 -10.9 -11.6 -12.0 
9.6165 'B2 6a,b2* 135608 -11.6 -11.7 -11.4 
10.7117 'B, 2b,a,* 61 -14.5 -20.1 -21.1 
10.7394 'B2 6a,b 11813 -11.4 -11.1 -11.3 
10.7678 1 B, 2b,a, 6181 -16.1 -14.8 -29.0 
10.8862 'A1 2b,b, 4044 -25.3 -12.3 -16.0 
11.0198 'A2 2b,b2 0.0 -10.7 -11.6 -11.8 
11.1913 'A, 5a,a, 42438 -11.6 -11.8 -11.6 
12.4048 1B2 2b,a2* 79601 -21.3 -21.0 -13.2 
13.5312 'B2 4b2a, 418867 -14.9 -14.9 -20.2 
13.8503 'A1 6a,a, 40728 -16.8 -15.8 -26.8 
13.9350 1B2 4b2a,* 331454 -15.1 -14.3 -20.2 





106 f(r) <x2> <y2> <z2> 
2b, excitations 
4.4633 'B, a1 Val. 233 -12.7 -1.9 -14.0 
5.3510 'A2 b2 * Val. 0.0 -11.4 -13.4 -12.4 
10.1592 1B, 3s 33 -51.3 49.0 -54.7 
11.7809 1B, 4s 26 -128.1 -125.5 -129.5 
12.1551 'B, 5s 4 -192.0 -190.1 -192.3 
10.6924 'A, 3x 1902 -63.8 -25.3 -31.0 
10.8343 'B, 3z 1771 -36.3 -34.9 -76.6 
10.8720 'A2 3y 0.0 -29.9 -66.8 -30.7 
11.6489 'B, 3 (x2 -y2) 50 -50.3 -54.3 -26.6 
11.6630 'A2 3yz 0.0 -32.0 -73.8 -75.0 
11.7686 'A, 3xz 78 -73.1 -28.3 -71.0 
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11.8018 'B2 3xy 206 -75.1 -72.5 -32.0 
11.8333 1 B1 4z 1863 -64.0 -66.8 -140.0 
11.8998 1 A, 4x 1280 -138.2 -50.1 -57.0 
12.1871 1 A2 4y 0.0 -53.6 -137.6 -55.2 
12.4859 'A2 4yz 0.0 -48.3 -122.1 -121.9 
12.6040 'A1 4xz 26 -127.4 46.2 -121.6 
12.6505 'B2 4xy 105 -125.5 -122.8 48.9 
lb, excitations 
9.4503 'B, a, * Val. 34 -13.6 -14.1 -17.5 
6a, excitations 
7.2851 'A, a,Val. 19933 -14.4 -13.8 -17.9 
9.0220 'B2  b2*  Val. 129381 -12.1 -13.0 -12.3 
13.0732 'A1 3s 16665 -47.7 -43.3 -44.6 
14.0291 'B2 3y 4798 -30.7 -66.8 -30.1 
14.2873 'B, 3x 3789 -53.7 -20.7 -26.1 
14.4903 'A, 3z 2828 49.9 47.3 -115.9 
14.8176 'B, 3xz 444 -73.5 -27.6 -70.3 
15.0155 'A, 4s 126 -150.8 -144.2 -147.7 
15.0204 'B2 3yz 4940 -31.1 -68.7 -70.0 
15.1685 'A2 3xy 0.0 -76.4 -73.1 -31.4 
15.2031 'B2  4y 578 -53.7 -135.9 -54.1 
15.4817 'A, 5s 127 -299.1 -294.9 -301.6 
15.5293 1B, 4xz 157 -127.0 -45.2 -120.1 
15.5777 'B, 4x 2546 -107.6 -39.1 -44.6 
15.9500 'A2 4xy 0.0 -108.9 -103.7 41.5 
15.8919 1 B2 4yz 3154 -50.6 -126.7 -127.2 
17.3440 'B, b,Val. 1443 -87.6 -33.4 40.5 
18.3419 1 A2 a2* Val. 0.0 49.8 46.1 -22.8 
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5a, excitations 
11.6115 'A, a, Val. 141036 -16.1 -16.1 -19.9 
11.5142 'B2  b2* Val. 127737 -12.7 -14.6 -12.7 
18.0415 1 B1 3xz 14 -70.2 -26.4 -67.3 
3b2 and 02 excitations 
7.5537 'B2 4b2a, * Val. 31511 -13.9 -12.7 -16.6 
11.7711 '92 3b2a,Val. 275511 -13.8 -13.4 -16.7 
12.7028 'B2 4b23s 13843 48.8 -43.1 -43.6 
14.4624 'B2 4b24s 1406 -109.8 -100.0 -135.3 
15.2537 'B2 4b25s 725 -221.9 -214.6 -223.5 
Table 7.12 Final excited states tor I2U  determinea wit fl me uLvt+KyaDerg runctions. 
73.5 Prediction of the UV + VUV absorption spectra. 
The first matter is to compare the present results with [51  This is done in the 
following Table 7.13, where a match of the descriptions given in [5]  to the present 
ones is performed. The character in Reference [5]  is Rydberg (R) and valence (V) 
with subscripts for the subsidiary nature in states of mixed type. A few of the labels 
have been reassigned to remove inconsistencies in Tables III and V in [51  Only the 
states which have a matching character are shown here, which shows that many of 
the present states found are not included. Next, there seems a preponderance of pz-
type Rydberg states at low excitation energy in [5]  Thus the first IP in both the 
present and [5],  finds ionisation of 2b, 2 -* 2b,' as the lowest process. Thus the 2b13s 
state should be the first Rydberg state. In [5]  this has an energy in the correct region 
(10.2eV), but most of the singlet states below this appear to have elements of 
Rydberg character (always 3pz in type). This mixing of valence and Rydberg states 
does not occur in a major way in the present study. This valence-Rydberg mixing is 
again apparent in the low-lying triplet states in [5],  where none of the present triplets 
has Rydberg character. Thus although the study in [5]  correctly finds the lowest 
singlet state to be 2b,a, ('B,), and triplets 2b,a,' (3B,) with 2b,b2 (3A2), the 
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grouping beyond this set is poor. The second lowest state at 5.62 eV 151  is particularly 
anomalous. Overall, while [5]  was an early study in the application of multi-root CI, 
the results have not proved in reasonable agreement with either first principles or the 
present study, where all the expected low-lying states have been found. A probable 
reason for the failure to achieve a better separation of valence and Rydberg states in 
151, is the basis set. The lowest s,p-type exponent of 0.05 is close to large basis set 
valence functions, and also the bond-functions may well lead to an imbalance of the 
3-fold symmetry around the 0-atom, with the effect that the two bonds have a 
lowered energy, while the lone pair orbital is raised in energy and mixes with the 
Rydberg p orbital. 
Present QZVP basis set results Reference [5]  
Energy 
IcY 




4.2084 1 B1 2b,a, 5.58 2b,a, 	+ 
2b,3pz 
YR 
6.9539 1B2 4b2a, 8.24 4b2a1* + 4b23pz VR 
7.1176 'A1 6a1a, 8.29 6a,a, + 6a,3pz VR 
7.2639 'A2 la2a, 8.41 la2a, + 1a23pz VR 
10.1592 '131 2b13s 10.81 2b,3s Rv 
10.8720 'A2 2b13y 5.62 2b,3p R 
9.6165 'B2 6a,b2 11.46 6a,3py Rv 
3.6757 3B, 2blal* 4.16 2b1a,' 	+ 
2bi3pz 
VR 
4.2869 3A2 2b1b2 4.11 2b13p R 
7.2399 3B2 4b2a, t - 6a,b2 6.37 6a,3py Rv 
7.2922 3A, 6a,a, 6.46 6a,a, + 6a,3pz VR 
8.2297 3B2 4b2a, + 6a,b2 6.95 4b2a1 + 4b23pz VR 
8.3601 3A2 la2a, + 1b,b2 7.59 la2al* + 1a23pz VR 
8.6881  4b2b2 7.60 023py Rv 
9.0909  lb,a, 	- 1a2b2 10.52 2b,3s Rv 
Table 7.13. A comparison of the present results ior I2U  witn inose OT KeTerence 
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The valence states increase in intensity as the excitation energy increases, with the 
first band near 4.56 eV (irc,'B,). A second band of similar type but with oscillator 
strength zero ( 1 A2) lies nearby at 5.35 eV. These are followed by a series of 6a, and 
02 excitations into valence a, and b2 orbitals; the lowest near 7.29 eV ('A,) is 
followed by a band near 9.02 eV ( 1B2). The same pair of upper states are involved in 
the next band, which is predicted to be a nearly degenerate 'B2 and 'A, near 11.5 eV. 
The most intense band calculated in the present study is predicted to lie near 12.4 eV, 
and is the first valence state to arise from the 3b2a, ° transition ( 1B2). 
The first Rydberg state should lie near 9.87 eV (2b,3s), with rather stronger p-type 
states of same origin near 10.7 eV. The corresponding 4p states are predicted to lie 
between the two strongest valence bands. The 6a,3s Rydberg state has the highest 
oscillator strength of the present Rydberg series, and may be expected just higher in 
excitation energy (13 eV) than the most intense band. 
The overall predicted UV+VUV spectrum is shown in Figures 7.1 and 7.2. 















Energy / eV 
Figure 7.1. The calculated UV+VUV spectrum for F 20 using the unscaled oscillator strength. 
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F20 Calculated Singlet States 
A2 States given arbitrary Intensity of 0.2 units 
Figure 7.2. The calculated UV+VUV spectrum of F20 with logarithmic oscillator strength 
scale, showing the density of states more clearly. 
7.3.6 Low-lying Triplet states. 
Energy /eV Symmetry Type <X 2 > <y2> <z2> 
3.6757 3B 1 2b 1 a 1 ' -10.5 -12.4 -11.2 
4.2869 3 A2 2blb2* -10.5 -12.1 -11.4 
7.2399 3 B2 4b2a1 	- 6a1b2 5 -11.1 -10.4 -11.4 
7.2922 3 A, 6a1 a 1 -11.1 -11.5 -10.6 
8.2297 3B2 4b2a1 * + 6a1b2 -11.1 -11.3 -10.7 
8.3601 3A2 l a2al * + lbib2* -10.6 -11.1 -11.8 
8.6881 3A1 4b2b2' -11.2 -10.3 -11.6 
9.0909 3 B I 1ba1 	- 1a2b2 -10.5 -11.2 -11.9 
Table 7.14. The low-lying triplet states Tor I2U. 
Since triplet states are generally more valence-like in character than singlets, the 
present 3T results were determined with the TZVP basis set, it being considered 
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unlikely that diffuse functions would be necessary for the lowest members of the 
series. All of the triplet states (Table 7.14) show very small values for the second 
moment operators, and this is consistent with all those shown being valence in 
nature. The two lowest triplet states lie well separated from the other members, and 
are both about 1 eV to lower excitation energy than the corresponding singlets. 
Although the 6a 1 a 1 0  singlet-triplet separation is very small, a small variation in the 
reference configuration set could reverse the order here, and make the triplet at lower 
energy as expected. Several of the triplet states occur as quite obvious mixtures of 
configurations of differing types, and this contrasts with the singlet states, making a 
comparison with the energies impossible. In Table 7.14, the dominant configuration 
of combinations of configurations is shown first. Thus the symmetric combination in 
3B1, lb1ai + 1a2b2* lies 2.1 eV to higher energy than the antisymmetric one shown 
above. However, the symmetric combination of terms is not always at higher 
excitation energy, since in 3A2, the antisymmetric combination 1b1b2 - 1a2a1' occurs 
at 11.7972 eV, some 3.4 eV higher in energy. In this pair of states, the combinations 
are far from even in density, so that each acts as a perturbing effect on the other. 
7.4 The excited states of C120 
The visible, UV and VUV spectra of C120 have been reported by various authors; the 
earliest work in the 1930's [16,17]  showed that the spectrum consists of three broad 
bands in the region 620-500, 500-380 and 380-220nm, corresponding to the energy 
range 2 - 6eV approximately. The spectrum shows some evidence of structure in 
those regions. The irradiation of C120 in the 250nm region leads to initial formation 
of Cl atoms, and these react further giving C12 + 
0(3P) [18] Although there are minor 
differences in the intensities, usually expressed as cross-sections (cm 2), there is 
general agreement with the band maxima 
[19-23] The study by Lin [191  shows three sets 
of published data in one drawing, and summarises the degree of variation. The range 
of energy into the VUV has more recently been extended up to 9.7 eV 
1241  A 
reproduction of previous spectral data for C1 20 is shown in Figure 7.3. In these data, 
the intensities are expressed as either Absorbance (A), extinction coefficient () or 
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cross-sction (a). These are related by the following expressions, where the path 
length is 1 (cm) and c is the concentration (mole.litr&'), and the intensity of the light 
beams is I (for the beam in the evacuated cell) and I for the compound. 
A = c c 1 = in (Jo  IT) = a c 1 
7.4.1 The initial study with the TZVP basis set. 
As with F20, the initial study used the TZVP basis set containing a set of 74 GTOs. 
In the multi-reference Cl stage, the core electrons occupying MOs 1-11 were frozen 
at 2.000e occupation (the number of each type being 5a, lb, 02 1a 2), while the core 
complements were discarded (with the same number of orbitals as the frozen set). 
This leaves an active set of 52 MOs with 21a, 9b, 16b2 and 6a2 MOs. Thus the SCF 
orbital occupancy which is a good representation of the X'A, ground state is: 12 -4 
 2 
222 232 312 -33  2  472 The low-lying singlet states are shown in Table 7.15, where 
the frozen orbitals have been reintroduced into the orbital sequence numbers. Thus 
orbital 4 (above) is 9a,, orbital 22 is 3b, (HOMO), orbital 33 is 7b2, and orbital 47 is 
2a2. As with the similar calculations on F20, some doubly excited states at low 
excitation energy were found; these were present in all representations, and are 
omitted from 7.15. 
'A, 'B2 
Energy! eV Leading Configns. Energy! eV Leading Configns. 
6.8791 4b2b2* - 6a,a,* 4.6605 4b2a,* - 6a, b2* 
8.9801 6aia,* + 4b25b2* 7.5355 6aib2 + 4b2a,* 
13.5955 3b2b2* 9.9604 5a,b2' + 3b2a,* 
15.3361 2b,b, 10.6031 3b2ai* - 5a,b2' 
'A2  
4.7103 la2a,+ 2b,b2e 3.0627 2b,a, 
5.4361 la2a,' 7.1335 lb,a,* - 1a2b2' 
9.1681 lb, b2 7.9573 lab 	+ lb,a, 
Table 7.15 Low-lying singlet states tor (.120 using me i Lvi-' oasis set. 
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7.4.2 The QZVP basis set results for valence states. 
The first upgrade of the basis set followed the same procedure as that for F20, 
namely conversion of the TZVP to a QZVP (quadruple zeta) one, by introduction of 
a set of more diffuse s,p,d-orbitals on both 0 and Cl. The exponents on 0 are the 
same as used in F20, namely 0.0853 (s), 0.0550 (p) and 0.4267 (d), while those for 
Cl are 0.0645 (s), 0.0416 (p) and 0.3063 (d). The QZVP basis set for C1 20 is thus 
104 in total. The equilibrium structure shows a bond length of CI-O 1.7332 ang. and 
angle CI-O-Cl 110.07°. The dipole moment is 0.67727 D, and the Mulliken 
populations on Cl and 0 are 16.77755e and 8.44490e. The corresponding 
equilibrium structure for the TZVP basis set is CI-O 1.7358 Ang., and CI-O-Cl 
111.30°, with dipole moment 0.89815 D, and Mulliken populations of 16.88501e and 
8.22998e respectively. Hence, the diffuse functions have led to about 0. lie loss of 
charge from the Cl atoms to oxygen, but there is still a reduction in the dipole 
moment. 
All the Cl calculations with the QZVP basis set were performed at the corresponding 
equilibrium structure, and hence are vertical excitations. 
The principal effect of the diffuse s,p,d-orbitals on Cl and 0, is the introduction of a 
set of low-lying virtual orbitals which are not present in the TZVP basis set 
calculations. This is shown in Table 7.16. A total of 14 MOs are present before the 
orbital energy of the QZVP set reaches the third virtual orbital of the TZVP set. 
Hence a number of low-lying excited states can be expected. The QZVP LUMO 7a 1 
is largely p-orbital in character with about 75% of the density on the Cl atoms, and 
this density is about 75% in the py orbital, with the remainders in the pz  orbitals of 
both Cl and 0. 
TZVP QZVP 
Orbital energy /a.u. Symmetry Orbital energy Ia.u. Symmetry 
+0.0234 A1 +0.0159 A 
+0.1098 B2 +0.0610 B2 
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+0.4124 	 B2 	 +0.0966 	 A, 
	
+0.1036 	 B, 
Table 7.16. A comparison of low-lying virtual orbitals for C120 using the TZVP and UZV1-' 
bases. 
The effect of the increase in basis set is immediately found in the 'A, representation. 
The appearance of doubly excited state configurations is markedly diminished, and 
several simple 'A, states were obtained (Table 7.17). The values for the second 
moments of the charge distribution <x 2> etc, were very similar to those for the C120 
X'A, ground state, and this confirms that the added functions in the QZVP basis set 
are not Rydberg in character. The 'A, states are the most difficult in relation to 
doubly excited state contamination. This is not present in the QZVP results, where 
the 'A, states are lowered in excitation energy by 1-3eV relative to TZVP. No doubly 
excited states were detected in the energy range 0-12 eV as shown in Table 16, and 
there seems no doubt that this is a physically real situation, with the TZVP low-lying 
doubly excited states showing a limitation in the basis set for this molecule. 
'A,(4) 'B2 (3) 
Energy! 
eV 
Leading Configns. 106  f(r) Energy! eV Leading 
Configns. 
106 f(r) 
4.6831 6a17a,* 2642 4.3854 4b27a,* 15468 
5.9749 4b5b 11802 7.1336 6a,b2*4b28al* 60019 
7.9799 5a,7a, 57652 9.3641 4b28a1 * + 6a,b2 76960 
9.0870 2b,b,* 37372 9.7227 3b2a,* - 2b,a2 * 548001 
9.2458 6a,8a,* 110228 9.9618 2b,a2 * + 3b27a,* 330660 
'B, (5) 1 A2(4) 
2.9887 2b,7a, 110 4.2649 1 a27a1 *+ 2b,b2* 0.0 
6.2107 lb,7a,' 3025 5.0000 2b,b2' - 1a27a, 0.0 
5.4782 6a, 2b, 7a,*2 346 6.0010 2b,027a,'2 0.0 
6.9962 1a2b2' 356 8.0409 lb,b2* 0.0 
8.2219 2b,8a, 47517 8.5189 2b,b2' 0.0 
8.9925 2b,9a,' 356 
Table 7.17 Low-lying singlet states tar u12u using me uvr oasis set. 
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7.4.3 The nature of the Rydberg states in C120 
In Table 7.18, the valence shell MOs are summarised as atomic populations on each 
centre, with only Y2 of the Cl density being shown, since it refers to just one of the 
two Cl atoms. These populations are relevant to the question of what Rydberg states 
can be expected. An oxygen atom has electron distribution is 2 2s2 2p4, while a Cl 
atom has is2 2s2 2p6 3s2 3p5, thus the atomic states which start with (n+1)s (n+i)p 
and (n+ 1 )d, have the principal quantum number (n) equal to 2 for the 0 atom and 3 
for the Cl atom. This means that the lowest Rydberg series start with the 3s, 3p and 
3d series for oxygen, and the 4s,4p,3d series for Cl; the chlorine 3d series arise since 
although there are 3s and 3p electrons, there is no 3d set. The contributions to the 
bonding by the d-functions are very small in all orbitals shown. These Rydberg series 
are expected to converge to an IP from the molecule. The occupied MOs from the 
HOMO (2 1) down to 18 are all dominated by Cl atom density, and this is especially 
true for MOs 18-20, with the HOMO having 25% 0 density (Table 17). Thus the 
lowest Rydberg states are likely to be 4s, 4p, 3d in nature. The series are likely to be 
started by the 2b 1 2 -* 2b 4s transition. 
The next question is where to site the Rydberg orbitals. Since these are very diffuse, 
it generally accepted that the position in the molecule is not critical. Two obvious 
choices are available, namely on the 0 atom, or at the centre of mass (CM). Because 
of the much higher mass of the Cl atoms relative to 0, the CM lies on the symmetry 
axis only 0.2Ang from the CI-Cl axis, whereas the 0 atom lies some 0.8Ang on the 
other side of the CM. In order to bring an element of consistency to the study with 
ozone, the choice was made to site the Rydberg functions on the 0 atom. 
0 Cl Total /e 
s p d s p d 0 1 	C 
12 0.7849 0.0199 0.0015 0.0810 0.0148 0.0011 0.8063 0.0969 
13 0.0000 0.1011 0.0068 0.4438 0.0018 0.0005 0.1079 0.4461 
14 0.1678 0.0243 0.0001 0.3923 0.0108 0.0009 0.1920 0.4040 
15 0.0000 0.7236 0.0037 0.0000 0.1322 0.0041 0.7272 0.1364 
16 0.0000 0.4554 0.0046 0.0432 0.2202 0.0065 0.4600 0.2700 
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17 0.0167 0.5085 0.0061 0.0165 0.2129 0.0049 0.5313 0.2343 
18 0.0000 0.0000 0.0046 0.0000 0.4976 0.0001 0.0046 0.4977 
19 0.0150 0.1454 0.0034 0.0032 0.4137 0.0013 0.1637 0.4181 
20 0.0000 0.0059 0.0039 0.0022 0.4922 0.0008 0.0098 0.495 1 
21 0.0000 0.2503 0.0010 0.0000 0.3723 0.0030 0.2493 0.3753 
Tot 3.9694 4.4694 0.0671 5.9640 10.7369 0.0461 8.5059 16.7471 
Table 7.18. The Mulliken populations for C1 20 valence shell MOs. 
The Rydberg functions used for the 0 atomic states are as widely used in previous 
work for oxygen heterocycles such as furan. In order to generate a series for the Cl 
atom, the 0 exponents (now designated [0]) were multiplied by the square of the 
ratio of the atomic numbers, [C1I0] 2 (4.5 16). Previous work has shown that 
exponents for atom X can be derived with considerable accuracy by this method of 
using atomic number ratios. The results are summarized in Table 7.19. Clearly the s-
and p-orbital Rydberg exponents for Cl are close to the existing QZVP basis set 
lowest exponents. In view of this, it was decided that attempting to use two or three 
sets of Rydberg functions would lead to numerical difficulties in the SCF and CI 
calculations, since the overlap of the functions would be too large. The 
QZVP+Rydberg [0] basis would be used for the Rydberg states only, and the 
valence states would be adopted from the QZVP calculations. Although this fails to 
generate Rydberg-valence mixing, some evidence of this would emerge from the 
QZVP+Rydberg calculations, where inevitably some valence states would be 
included. 
Rydberg function exponents 
Atom s-orbitals p-orbitals d-orbitals 
0 0.021 0.008 0.0025 0.017 0.009 0.015 0.008 
Cl 0.095 0.036 0.011 0.077 0.041 0.068 0.036 
Lowest existing valence functions on Cl atoms 
Cl 0.0853 1 0.0550 0.3063 
Table 7.19. Rydberg functions for 0 and Cl compared with the lowest valence functions on 
Cl. 
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7.4.4 The calculated Rydberg states in C120 using the TZVP+Rydberg 
(TZVPR) basis set 
As shown above, the IDA calculations give a very reasonable interpretation of the 
UV-PES, with groups of 1 and 3 IP's of Koopmans' type, followed by a set of 5 low 
pole strength lines in the range 15-16.5eV which seem to match the observed pattern 
in that region. 
The first five IFs cover a range of about 4 eV, with the first separated at the lower IP 
end by about 1eV; this is 2B1, corresponding to the loss of an electron from orbital 
2b1 . This corresponds to the experimental IP of 10.887eV. 
The Rydberg formula, IP - E = R/(n-6) 2 requires a value for the principal quantum 
number n; with the calculated value of 8.1015eV for the 1B 1 state 2b 1 -* 3s, the 
equation leads to 8 = 0.79 if n = 3, while 8 = 1.79 if n = 4. This is most easily 
interpreted if the 6 = 0.79 if n = 3 is chosen, since values of 6 close to one are usual 
for Rydberg s-states in many compounds. On this basis, the Rydberg formula leads to 
the following predicted states (Table 7.20) for the low-lying IPs 
Orbital 2b1' 4b1' 6ai' lai' 1b 1 ' 
Calculated IF by the TDA method /eV 
11.168 12.211 12.527 12.587 15.347 
Rydberg state 1eV  
3s(8=0.9) 8.0818 9.1248 9.4408 9.5008 12.2608 
4s(8=0.9) 9.7518 10.7948 11.1108 11.1708 13.9308 
3p(60.3) 9.3011 10.3441 10.6601 10.7201 13.4801 
4p(6=0.3) 10.1738 11.2168 11.5328 11.5928 14.3528 
3d(8=0. 1) 9.5497 10.5927 10.9087 10.9687 13.7286 
4d(8=0.1) 10.2732 11.3162 11.6322 11.6922 14.4522 
Table 7.20. Predicted Rydberg states tor tne first iew caiculatea H's (ev). 
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The first Rydberg state is expected to arise near 8.1 eV according to the above use of 
the Rydberg Formula. This is exactly where the TZVP + Rydberg basis set generates 
the 1 13 1 s-state. In the same way, this basis set generates a 'B 2 Rydberg s-state at 






106 f(r) <x2> <y2> 
3.1782 1 131 (2) 2b,a, 538 -22.6 -22.5 -23.9 
6.8248 1 B, 1a2b2 14079 -24.2 -25.2 -27.1 
7.6881 1B, 2b,3s 22644 -50.3 -51.3 -59.8 
8.0935 'B, lb,a, 3727 -26.0 -28.6 -28.3 
8.5603 'B, 2b,3z 127 -55.9 -56.5 -87.1 
9.3131 'B, 2b,3(x2 -y2) 251 -77.6 -97.3 -81.9 
9.3322 'B 1 2b,4s 8429 -213.1 -226.3 -223.4 
9.7358 1B, 2b,4z 2892 -92.8 -75.9 -115.2 
10.0929 1B, 2b,5s 12483 -192.9 -176.0 -192.7 
10.2836 1B, 6a,3x 356 -101.0 -56.1 -46.9 
10.3701 'B,(a2yz.4) 1a23y 41004 42.1 -74.6 41.0 
11.2164 'B,(a2yz.4) la23yz 36 -46.2 -88.8 -103.5 
11.6061 'B,(a2yz.4) 1a24y 51309 -59.3 -125.6 -61.1 
11.9810 'B,(a2yz.4) la24yz 1 -53.7 -110.9 -126.5 
9.9683 1 13, 2b,3(z2 -r2) 1633 -74.4 -128.5 -95.7 
10.3266 1B, 02 3x 906 -128.7 -112.4 -60.7 
10.9997 '14, 6a,3xz 4 -132.2 -50.5 -152.7 
11.4199 'B 1 6a,4x 1895 -132.1 -48.9 -58.3 
5.0987 'A, (2) 6a,a, 2429 -24.4 -22.7 -23.9 
6.9122 'A, 4b2b2* 	+ 
4b23yz 
8396 -24.1 -21.7 -24.6 
8.4896 'A,(blx.3) 2b,3x 2379 -78.5 -31.2 -38.9 
9.2713 'A,(blx.3) 2b 1 3xz 5625 -94.1 -36.6 -97.0 
9.5049 'A, 6a,3s 12844 -56.4 49.2 -68.8 
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9.8122 'A1 6a,3z 2082 -63.7 49.5 -119.2 
9.6713 'A,(blx.3) 2b,4x 1246 -139.1 -51.4 -65.0 
9.9666 'A,(b2yz.1) 4b23y 14973 -23.6 -21.2 -24.1 
10.0979 'A,(blx.3) 2b,4xz 2974 -123.5 46.4 -125.3 
10.7987 'A i(b2yz.1) 4b23yz 1301 49.2 -92.4 -108.4 
10.6542 'A, 6a,3(x2 - y2) 40 -78.0 -151.8 -79.6 
10.8485 'A, 6a,3(z2 -r2) 146 -133.3 48.7 -131.8 
11.1757 'A, 024y-6a,4s 19510 -77.8 -117.5 -88.6 
11.1873 'A1 1a23xy 35 -88.3 -78.8 -46.0 
11.2604 'A, 6a,4s+024y 1071 -153.0 -154.0 -152.2 
11.6773 'A, 4b24yz 2881 -53.5 -105.0 -121.1 
11.9928 'A 1 la24xy 127 -130.7 -121.2 -60.2 
13.0498 'A,(blx.3) lb,3x 80 -94.7 -38.0 44.1 
13.8301 'Ai(blx.l) lb,3xz 1106 -114.2 44.6 -118.7 
4.8612 'A2(2) 2b,b2 	- 
1 a2a, 
* 
0.0 -22.8 -22.8 -24.9 
5.5754 'A2 la2a, 	+ 
2b,b2* 
0.0 -23.4 -23.2 -25.5 
8.5516 'A2(4) 2b i3y 0.0 -45.6 -85.4 -44.0 
9.2774 'A2(4) 2b,3yz 0.0 -52.8 -108.7 -121.9 
9.4285 'A2 1a23s 0.0 -81.0 -123.3 -85.2 
9.6245 'A2(4) 2b,4yz 0.0 48.4 -94.4 -102.7 
9.6444 'A2(4) lb, b2 0.0 -22.6 -24.0 -24.3 
9.6776 'A2(4) 2b,4y 0.0 -56.1 -116.0 -62.0 
10.0347 'A2 4b23x 0.0 -81.0 -31.5 -38.5 
10.8535 'A2 1a24s 0.0 -91.2 -86.2 -105.4 
10.4267 'A2 1a23z 0.0 -60.4 -51.1 -121.4 
11.0046 'A2 6a,3xy 0.0 -131.0 -119.5 -58.4 
11.0113 'A2 4b23xz 0.0 -121.2 -43.6 -124.9 
11.1807 'A2 4b24xz 0.0 -98.8 -35.7 -101.7 
11.2554 'A2 4b24x 0.0 -140.9 49.5 -61.1 
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4.8726 'B2(2) 4b2a,* 9065 -24.0 -20.9 -24.1 
7.1669 'B2 6a,b2 281082 -24.1 -23.1 -23.6 
9.1646 'B2 4b23s 17944 -52.2 48.3 -65.1 
9.3045 'B2 2b,3xy 697 -117.8 -108.7 -55.2 
10.0729 'B2 023z 12551 -51.3 -69.4 -80.7 
10.0364 'B2 2b,3xy 1324 -125.3 -116.2 -57.8 
10.3066 'B2 2b,3y 24 -55.8 -121.6 -56.6 
10.3596 'B2 023s 141 -80.9 -66.0 -89.7 
10.3951 'B2(a2x.2) 1a23x 2279 -77.7 -30.0 -38.7 
11.1757 'B2(a2x.2) la23xz 215 -90.0 -34.2 -94.8 
11.6391 'B2(a2x.2) 1a24x 962 -139.7 -50.5 -62.4 
12.0094 'B2(a2x.2) la24xz 165 -127.2 -46.6 -133.1 
10.9646 'B2 6a,3yz 854 -55.7 -112.7 -123.8 
11.0445 'B2 024s 3478 -108.9 -107.3 -109.7 
11.2364 'B2 6a,4y 10311 -96.3 -140.4 -95.6 
11.3719 'B2 025s 13589 -154.8 -169.0 -151.5 








<x2> <y2> <z2> 
2b, excitations 
3.1782 'B 1 (2) 2b,a, 538 -22.6 -22.5 -23.9 
4.8812 'A2 2b,b2 	- 
1 a2a, 
0.0 -22.9 -24.1 -25.1 
7.6881 'B, 2b,3s 22644 -50.3 -51.3 -59.8 
9.3322 'B, 2b,4s 8429 -213.1 -226.3 -223.4 
10.0929 'B, 2b,5s 12483 -192.9 -176.0 -192.7 
8.55 16 'A2(4) 2b,3y 0.0 -45.6 -85.4 -44.0 
8.4896 'A,(blx.3) 2b,3x 2379 -78.5 -31.2 -38.9 
9.2713 'A,(blx.3) 2b,3xz 5625 -94.1 -36.6 -97.0 
8.5603 'B, 2b,3z 127 -55.9 -56.5 -87.1 
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9.2309 'B2 2b i 3xy 27572 -90.1 -81.4 46.0 
9.2774 'A2(4) 2b i 3yz 0.0 -52.8 -108.7 -121.9 
9.3131 'B, 2b,3(x2 -y2) 251 -77.6 -97.3 -81.9 
9.6776 'A2(4) 2b 14y 0.0 -56.1 -116.0 -62.0 
9.6713 'A,(blx.3) 2b,4x 1246 -139.1 -51.4 -65.0 
10.0979 'A,(blx.3) 2b,4xz 2974 -123.5 -46.4 -125.3 
9.7358 1B, 2b,4z 2892 -92.8 -75.9 -115.2 
9.6245 'A2(4) 2bi4yz 0.0 -48.4 -94.4 -102.7 
10.0364 'B2 2b i4xy 1324 -125.3 -116.2 -57.8 
4b2 excitations 
4.8726 1B2(2) 4b2a, 9065 -24.0 -20.9 -24.1 
6.9122 'A, 4b2b2' 
+4b23yz 
8396 -24.1 -21.7 -24.6 
9.1646 'B2 4b23s 17944 -52.2 -48.3 -65.1 
9.9666 'A,(b2yz.1) 023y 14973 -23.6 -21.2 -24.1 
10.0032 'A2 4b23x 0.0 -91.8 -36.7 -42.9 
10.0729 'B2 4b23z 12551 -51.3 -69.4 -80.7 
10.7987 'A,(b2yz.1) 4b23yz 1301 -49.2 -92.4 -108.4 
10.7588 1B, 4b2 3xy 906 -128.7 -112.4 -60.7 
10.9017 'A2 4b23xz 0.0 -91.3 -33.3 -93.6 
11.0445 'B2 4b24s 3478 -108.9 -107.3 -109.7 
11.0960 'A2 4b24x 0.0 -126.9 -44.7 -62.2 
11.1757 'A,(b2yz.1) 024y 19510 -59.5 -120.6 -58.7 
11.2023 'A, 024y- 6a,4s 21391 -77.8 -117.5 -88.6 
11.3719 'B2 4b25s 13589 -154.8 -169.0 -151.5 
11.6773 'A,(b2yz.1) 4b24yz 2881 -53.5 -105.0 -121.0 
11.6939 'A2 4b24xz 0.0 -131.5 46.6 -128.1 
6a, excitations 
5.0987 'A 1 (2) 6a,a,* 2429 -24.4 -22.7 -23.9 
7.1669 'B2 6a,b2 28108 
2 
-24.1 -23.1 -23.6 
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9.5049 'A1 6a,3s 12844 -56.4 -49.2 -68.8 
9.8122 'A, 6a,3z 2082 -63.7 -49.5 -119.2 
10.1161 'B1 6a,3x 1160 -73.1 -34.6 -36.6 
10.6542 'A, 6a,3(x2 -y2) 40 -78.0 -151.8 -79.6 
10.8485 'A 1 6a,3(z2 -r2) 146 -133.3 -48.7 -131.8 
10.9199 1A2 6a,3xy 0.0 -129.0 -117.1 -57.7 
10.9646 'B2 6a,3yz 854 -55.7 -112.7 -123.8 
10.9997 'B, 6a,3xz 4 -132.2 -50.5 -152.7 
11.0445 'B2 4b24s 3478 -108.9 -107.3 -109.7 
11.2364 'B2 6a,4y 10311 -96.3 -140.4 -95.6 
11.2604  6a,4s+024y 1071 -153.0 -154.0 -152.2 
11.4199  6a,4x 1895 -132.1 48.9 -58.3 
1a2 excitations 
5.5903 'A2 la2a, 
+2b ,b2 
0.0 -23.1 -23.2 -25.0 
7.0519 'B, 1a2b2* 9297 -27.5 -26.9 -36.0 
10.4267 'A2 1a23z 0.0 -60.4 -51.1 -121.4 
10.3951 'B2(a2x.2) 1a23x 2279 -77.7 -30.0 -38.7 
10.3701 'B,(a2yz.4) 1a23y 41004 42.1 -74.6 -41.0 
10.9282 'A2 1a24s 0.0 -96.2 -104.0 -101.5 
11.1757 'B2(a2x.2) la23xz 215 -90.0 -34.2 -94.8 
11.2164 'B,(a2yz.4) la23yz 36 46.2 -88.8 -103.5 
11.1873 'A, la23xy 35 -88.3 -78.8 46.0 
11.6391 'B2(a2x.2) 1a24x 962 -139.7 -50.5 -62.4 
11.6061 'B,(a2yz.4) 1a24y 51309 -59.3 -125.6 -61.1 
11.9928  la24xy 127 -130.7 -121.2 -60.2 
11.9810 'B,(a2yz.4) la24yz 1 -53.7 -110.9 -126.5 
12.0094 'B2(a2x.2) la24xz 165 -127.2 46.6 -133.1 
lb, excitations 
8.0935  lb,a,* 3727 -26.0 -28.6 -28.3 
9.6444 'A2(4) 1b 1b2 0.0 -22.6 -24.0 -24.3 
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13.0498 'A1 (blx.3) lbj 3x 80 -94.7 -38.0 -44.1 
13.8301 'Ai (blx.l) lb 1 3xz 1106 -114.2 44.6 -118.7 
Table 7.22. TZVP + Rydberg [0] singlet excited states for C120 by vacated orbital. 
Calculated IP by the TDA method /eV 
2b1' 02' 6a 14 1a24 1b 1 1 
11.168 12.211 12.527 12.587 15.347 
Energies for excitation into the LUMO al*  orbital (eV) 
3.5442 14.8726 1 5.0987 5.9275 8.0935 
Energies for excitation into the first b2 orbital (eV) 
5.1619 1 6.9122 17.1669 7.7694 9.6444 
Table 7.23 Comparison of singlet states with the same upper state configuration 
The full series of excited states found in the present study are shown in Tables 7.21 
and 7.22, where the latter regroups the main set in terms of the nature of the vacated 
orbital when a valence or Rydberg state is generated. This type of presentation 
demonstrates that the excited states come in an order that matches that predicted by 
the Rydberg formula, but of course the calculated values have intensities and 
molecular properties as well as energy. Comparison of the first five Ps with the 
corresponding singlet valence state excitation energies to common upper states are 
shown in Table 7.23, which shows the cases with an upper state largely consisting of 
the LUMO a 1 and b2*  orbitals. The position of some of the singlet states are distorted 
by linear combination with other configurations; thus the singlet 1A2 is distorted by 
linear combination with an unrelated transition (2b 1b2 ) of same symmetry, where the 
lower member is shifted to lower excitation energy. However, the difference in the 
IPs and the excitation energies are similar. For example, the difference in IP for 2b 1 ' 
and 1b1' is 4.18eV, while the difference in excitation energies to a common upper 
state (ai') is 4.55 eV, while that to the upper state b2 4.48 eV. These figures are 
expected to be close, and the agreement is satisfactory. Similar other relationships 
are shown in Table 7.23. 
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7.4.5 Attempts to use an expanded QZVP basis set for the singlet 
excited states of C120. 
The QZVP basis set, obtained as described above for F20, contained extra s,p,d-
functions on both Cl and 0 atoms. The exponents used were again 1/3 of each of the 
lowest values in the TZVP basis set. 
The valence states obtained by this are shown in Table 7.24. Several of the excitation 
energies are reduced relative to the TZVP basis set. The QZVP ones are likely to be 
the more realistic. However, when the Rydberg function set was incorporated into 
the QZVP basis set (yielding the QZVPR basis), it proved difficult to obtain a set of 
Rydberg states. Some mixing of the Rydberg and lowest atomic GTOs occurred, and 
also the limitations to about 150 reference configurations present in GAMESS-UK, 
made it difficult to obtain good coverage of the particular states in question. Thus the 
QZVPR basis set was abandoned in favour of the TZVPR one. A summary of the 
results using the two bases, for a series of valence states, and low-lying Rydberg 
states, is shown in Tables 7.24 to 7.26. In practice there is a good linear correlation 
between the QZVP and TZVP results of the form TZVP = 1.1078 QZVP —0.0890 
(eV). The correlation coefficient is 0.9928, with standard errors in the slope and 
intercept of 0.0385 and 0.2678 respectively. Thus the correlation line passes through 
the origin, within the standard error. The TZVP basis set results are thus about 11% 
larger than the QZVP, and this can be allowed for in correlation with experiment. In 
the range of excited states correlated, the only difference in order is the very close 
pair of states calculated near 7eV (QZVP); these are the 1a 2b20 ('B1) and 6a,b2 ( 1 B2). 
In practice these are linear combinations of leading configurations, and only the first 
term is shown here. 
1A,(4) 'B2 (3) 
Energy/ 
eV 
Leading Configns. 106  f(r) Energy! eV Leading 
Conf'igns. 
106  f(r) 
4.6831 6a1 7a1 * 2642 4.3854 027a,* 15468 
5.9749 4b25b 11802 7.1336 6a,b2 - 4b28a,* 60019 
7.9799 5a 1 7a 1 57652 9.3641 4b28a,* + 6a,b2 76960 
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9.0870 2b,bi* 37372 9.7227 3b2a,* - 2b 1 a2 * 548001 
9.2458 6a,8a 1 * 110228 9.9618 2b,a2 * + 3b27a,* 330660 
'B, (5) 'A2(4) 
2.9887 2b,7a,* 110 4.2649 1 a27a,*+ 2b,b2* 0.0 
6.2107 lbl7al* 3025 5.0000 2blb2* - 1a27a 1 0.0 
5.4782 6a, 2b, 7a1  *2 346 6.0010 2b, 4b2 7a, 2 0.0 
6.9962 1a2b2 356 8.0409 1b,b2 0.0 
8.2219 2b,8a, 47517 8.5189 2bib2* 0.0 
8.9925 2b,9a1 356 





106  f(r) <x2> <y2> <z2> 
2b, excitations 
2.9592 'B,(3) a, Val. 33 -24.6 -25.8 -25.8 
'A2 b2  Val. 
7.6109 'B 1 (3) 3s 3936 -88.5 -98.8 -94.4 
8.9224 'B,(3) 4s 11098 -198.5 -161.4 -199.3 
1b1 excitations 
4.6747 'B,(3) a, Val. 34191 -25.1 -22.7 -24.8 
02 excitations 
8.7212 1 B2(2) 3s 12308 -50.4 -47.1 -59.2 
9.6119 'B2(2) 4s 11282 
10.2373 
 -80.9 -73.4 -119.5
-F;;B2(2) 5s 6745 -180.2 -160.3 -181.7 
Table 7.25. QZVP + Rydberg [0] singlet excited states for C1 20 
Energy / eV Symmetry Type 
TZVP QZVP 
3.0627 2.9887 'B 1 2b,a,. 
4.7103 4.2649 'A2 1a27a,* 
4.6605 4.3854 'B2 4b27a,* 
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5.0987 4.6831 'A 1 6a1 7a,* 
5.4361 5.0000 'A2 2b,b2*. 
6.8791 5.9749 'A, 4b25b2 * 
7.1335 6.2107 'B1 lb,7a,' 
7.9573 6.9962 'B, 1a2b2 
7.5355 7.1336 'B2 6a,b2 
8.1048 7.6109 'B,(3) 2b 1 3s 
9.3322 8.9224 'B,(3) 2b,4s 
9.1646 8.7212 'B2(2) 4b23s 
11.0445 9.6119 'B2(2) 024s 
11.3719 10.2373 'B2(2) 025s 
Table 7.26. Comparison of the TZVP with QZVP, and TZVPR with QZVPR singlet excited 
states for C120 for particular cases 
7.4.6 Triplet states for C120 determined with the 7ZVP basis set. 
Energy /eV Symmetry Type <x2> 
2.3051 3B, 2bIa,* -22.1 -22.6 -23.2 
3.7705 3A2 1a2aI*3bIb2* -21.8 -21.9 -23.8 
3.9631 3B2 Th2a,* -23.2 -20.3 -23.1 
3.9997 A, 9a,l0a,* + 7b28b2 -23.2 -22.3 -22.0 
5. 1774 3A2 la2a,* + 3b,b2* -22.1 -22.9 -23.6 
6.0778 3B2 9a,b2* -23.2 -22.3 -22.5 
6.0910  7b2 8b2  + 8ai 10ai * -23.2 -21.5 -23.0 
6.1092  1b,a, + 1a2b2* -22.0 -23.6 -23.3 
6.4959  8a,10ai* - 7b28b2* -23.3 -22.2 -22.8 
7.4143  1a2b2* - lb,aI* -21.9 -22.6 -23.9 
8.5748 3B2 6b2a,* -23.3 -21.7 -22.9 
10.1646 3A, 6b28b2* + 8a,10a,* -23.2 -22.0 -23.2 
Table 7.27. Low-lying triplet states using the TZVP basis set for C1 20. 
287 
Chapter 7 Excited States of Halogen Oxides 
The triplet manifold shows a low-lying state of 3B1 symmetry, similar to the 
corresponding singlet manifold, followed by a closely spaced group of three triplets 
near 4 eV, and a further group of three triplets near 6.1 eV. Above this region a 
number of doubly excited states were found with the TZVP basis set, and these are 
not shown in Table 7.27. 
The singlet-triplet splitting is in the range 0.5-1.5eV for the states shown in Table 
7.28. This is in the usual range, with the triplet at lower excitation energy. However, 
in several cases there is more than one leading configuration, so that this will have an 
effect upon the excitation energy difference between the singlet and triplet. 




2.305 1 3.0627 2biai'. 
3.7705 4.7103 "3A2 1a27aI ' 
3.9631 4.6605 "3B2 7b27a 1 * 
3.9997 5.0987 "3A1 6a1 7a1 * 
5.1774 5.4361 "3A2 2b 1b2 . 
6.0910 6.8791 "3A1 7b25b2 * 
6.1092 7.1335 "3B 1 1b 1 7a 1 
7.4143 7.9573 "3Bi 1a2b2' 
6.0778 7.5355 "3B2 6alb2* 
Table 7.28. Singlet - triplet splitting in C1 20 calculated with the TZVP basis set. 
7.4.7 Comparison of the calculated excitation energies for C120 with the 
U V+ VU V spectrum. 
In this Section, we align with calculated results and experimental data, with 
particular reference to the TZVPR basis set results, since so many more states were 
obtained by the Cl study. The experimental spectrum is shown in Figures 7.3 and 
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7.4, and is made up in two sections, the energy range up to about 7 eV from Lin [191 
and the range 6.5 to 9.5 eV from Motte-Tollet et al [24]• 
C110 Visible and UV Spectrum 
Data from C-L Lin, J. Chem Eng. Data, 21 (1976) 411 
Figure 7.3. The low energy range of the visible and UV spectrum of C1 20 derived from the 
data of Lin (19 
First, we extract the bands with highest calculated intensity (Table 7.29), and also the 
very low-lying states, since these are expected to provide most of the electronic 
states for the low energy spectrum. The calculated intensities are chosen with f (r)> 
10,000 in the first instance. By far the most intense calculated transition is the 6a,b 2 
of 'B2 symmetry. This band has approximately five times the oscillator strength of 
any other band, and is calculated to lie near 7.2 eV. The two next most intense bands 
are both Rydberg states, of 1a23y and 1a24y type ('B 1 );because these lie to higher 
energy, and are expected to be sharp, where other bands are expected to be broad, 
there seems some prospect of identifying these. 
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Photon Energy / eV 
Figure 7.4. The higher energy VUV range for the C120 spectrum reproduced for the range 
6.5 to 9.5 eV from Motte-Tollet et al 1241• 
C120 Calculated UV+VUV Spectrum 





0.0 	 I _I . I 	• 	 Idj 	I ... i d 
6.0 7.0 	8.0 	9.0 	10.0 	11.0 	12.0 
Energy /eV 
Figure 7.5 The calculated UVi-VUV spectrum for C120 using the unscaled oscillator strength. 
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C120 Calculated Spectrum UV+VUV 
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Figure 7.6 The calculated UV-I-VUV spectrum of C120 with logarithmic oscillator strength 






106 f(r) <x2> <y2> <z2> 
Lowest states, expected before the main spectrum 
3.1782 'B, 2b,a, 538 -22.6 -22.5 -23.9 
4.8612 'A2 2b,b28 - la2a, 0.0 -22.8 -22.8 -24.9 
4.8726 'B2 4b2a, 9065 -24.0 -20.9 -24.1 
5.0987  6a,a, 2429 -24.4 -22.7 -23.9 
5.5754 'A2 la2a, + 2b,b2 0.0 -23.4 -23.2 -25.5 
The most intense bands in the calculated spectrum (f (r)> 10,000) 
6.8248 1B1 1a2b2* 14079 -24.2 -25.2 -27.1 
7.1669 'B2 6a,b2 281082 -24.1 -23.1 -23.6 
7.6881  2b,3s 22644 -50.3 -51.3 -59.8 
9.1646 'B2 023s 17944 -52.2 -48.3 -65.1 
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9.5049 'Al 6a,3s 12844 -56.4 -49.2 -68.8 
9.9666  023y 14973 -23.6 -21.2 -24.1 
10.0729 'B2 4b23z 12551 -51.3 -69.4 -80.7 
10.0929  2b,5s 12483 -192.9 -176.0 -192.7 
10.3701 'B, 1a23y 41004 -42.1 -74.6 -41.0 
11.1757 'A, 4b24y-6a,4s 19510 -77.8 -117.5 -88.6 
11.2364 'B2 6ai4y 10311 -96.3 -140.4 -95.6 
11.3719 'B2 4b25s 13589 -154.8 -169.0 -151.5 
11.6061 'B 1 1a24y 51309 -59.3 -125.6 -61.1 
Table 7.29. The most prominent bands expected in the theoretical spectrum ot U120, 
calculated with the TZVPR basis set. 
7.5 The excited states of Br20. 
The gas phase visible and UV spectral regions, as well as the infrared spectra of both 
the condensed solid and matrix isolated solid for the IR region for Br20 have been 
described, as part of the characterization of the molecule in an EXAFS (x-ray 
absorption fine structure) study [25]  The primary aim of the study was to obtain data 
for the bond length and angle. The UV+visible spectrum shows a band maximum at 
47000 cm-1 (5.83 eV), with an ill-defined shoulder on the long wavelength side near 
31,200 cm' (3.87 eV), and a rather more defined shoulder at 22,100 cm 4 (2,74 
eV)125 . These results are not in good agreement with work dating from 1936, but the 
agreement of the IR data with previous work is good, so that the results in [25]  are 
probably the more reliable in terms of purity of the sample, and hence the 
TJV+visible results. 
7.5.1 The TZ VP study of BrO. 
The TZVP basis set has the number of orbitals for each representation shown in 
Table 7.30. 
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Orbitals a, b1 b2 a2 Total 
Total 44 16 37 13 110 
Core 11 4 10 4 29 
Discarded 8 1 7 1 17 
Active 25 11 20 8 64 
Sequence 
numbers 
1 to 25 26 to 36 37 to 46 47 to 56 64 
SCF 
occupied 
1to4 26,27 37to39 57 20 
Table 7.30. Summary of the number of orbitals in each representation for the TZVP basis set 
in Br20. 
The ground state has the TZVP-SCF wavefunction 12 42  262  272 372 392 572. in 
practice, the multi-reference CI showed this to be 88.6% of the final Cl wavefunction 
for the X'A, ground state. As with the other members of the series X20, several 
doubly excited states were obtained with the TZVP basis set. These have been 
omitted in Table 7.31. 
Energy 
/eV 
Symmetry Leading confign. 
Open shells 
106  f(r) <x2> <y2> <z2> 
0.0 'A1 X'A, - -31.8 -27.0 -31.5 
Singlet states 
2.5111 1131 6b 1 a1 ' 32 -30.7 -29.6 -32.1 
3.5023 'B2 13b2a1 +15a,b2 7608 -32.0 -27.7 -31.5 
3.7212 'A2 5a2a, + 13b2b,* 0.0 -30.1 -29.0 -32.6 
3.9176  15a,a,+ 13b2b2' 996 -32.0 -28.8 -31.0 
4.4287 'A2 13b2b,* - la2a, 0.0 -30.7 -30.0 -32.2 
5.3871 'A1 13b2b2 - 15a,a 1 t 2028 -32.0 -27.4 -31.8 
5.4356  5b,a, 4980 -30.7 -31.1 -31.8 
6.2739 'B2 15a,b2 * - 13b2a, 149799 -32.0 -29.2 -30.9 
7.5561 1A2 5b,b2* 0.0 -30.5 -31.0 -32.2 
7.7369 'A, l4a,a,' 64911 -32.1 -29.0 -31.3 
8.1326 'B2 12b2a,*+14a,b2* 217758 -32.1 -29.2 -31.5 
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9.2042 'B2 14a 1b2 - 12b2a 1 ' 856701 -32.0 -29.6 -31.3 
Triplet states 
1.8523 3B 1 6b 1 a1 - -30.6 -29.5 -32.0 
2.8628 3B2 13b2al* +15a1b2 - -32.0 -27.1 -31.8 
3.0932 3A2 5a2a1 - 13b2b 1 - -30.2 -28.6 -32.7 
3.1767 3A1 15alal* + 13b2b2 - -32.0 -29.2 -30.6 
4.2373 3A2 13b2b 1 8 + 5a2a1 - -30.7 -30.0 -32.1 
4.9068 3A1 13b2b2 * - 15a,a, - -32.0 -28.2 -31.5 
5.0063 3B 1 5b 1 a1 - -30.6 -30.9 -31.9 
5.1706 3B2 15 a1b2* - 13b2ai - -32.0 -29.4 -30.8 
5.9080 3B 1 5a2 13b2 - -30.3 -29.4 -32.6 
6.3651 3A, 14a1b2 ± 13b2a1 - -32.0 -28.8 -31.4 
Table 7.31. The TZVP lowest valence singlets and triplets obtained for Br20. 
The most prominent feature of the TZVP valence states calculated for Br 20 is the 
high intensity of the three 'B 2 bands near 6 and 9 eV. These are expected to be the 
main features in an experimental spectrum for Br 20. The low excitation energy end 
of the predicted spectrum shows a single band at lowest energy corresponding to the 
HOMO to LUIMO transition 6b1a1 ( 1B 1 ) followed by a group of four bands all of 
similar type, with excitations into the same upper state. 
All of the singlet and triplet states show very similar values for the second moment 
operators, <x2>, <y2> and <z2>, and all are small values reflecting the valence nature 
of the basis set. The singlet triplet separations (132) show that the triplet is lower in 
excitation energy than the singlet, as expected. The amounts vary but are generally 
near 0.5 eV; since the composition of the states is not always similar between the 
singlet and triplet, with linear combinations of configurations, it is not possible to 
analyse these small differences in great detail. Only the leading terms are shown in 
Table 7.32. 
Energy / eV Symmetry Type 
3T 'S 
1.8523 2.5111 "3B 1 6b,a,' 
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2.8628 3.5023 "3B2 13b2a 1 * 
3.0932 3.7212 1 '3A2 5a2a1 ' 
3.1767 3.9176 1 '3A1 15aia i * 
4.2373 4.4287 "3A2 13b2b 1 ' 
4.9068 5.3871 1 '3A1 13b2b2 * 
5.0063 5.4356 "3B 1 5b 1a1 ' 
5.9080 5.5727 "3B1 5a2b2 
5.1706 6.2739 '3B2 15a1b2 
Table 7.32. Singlet - triplet splitting in Br 20 calculated with the TZVP basis set. 
7.5.2 Comparison of the lowest set of singlet states, using the 1ZVP 
study, for F20, C120 and Br20. 
It is convenient to use a common labelling of orbitals for the series of molecules, and 
this is done by using a valence-shell only numbering; thus all core orbitals are 
omitted from the numbering (Table 7.33). In all the low-lying singlet states, for the 
three molecules, the states of same symmetry and excitation type show a lowering of 
excitation energy across the series F to Cl to Br, with the largest differences 
occurring between F and Cl. The amounts are variable, but in some cases are large, 
as for the series leading to the upper state 1A1 6aiai * - 4b2b2*, where the differences 
are 2.27 and 2.97 eV respectively. The differences are much smaller in the 
symmetric combination 6a ia i * + 4b2b2*. These differences are similar to the 
ionisation potential differences (Table 7.33), even though the excited states are 
valence rather than Rydberg in character. The valence states do not in general project 
forward to the EP, although the Rydberg states do so via the Rydberg formula used 
above. 
Singlet states Symmetry Energy / eV 
Leading Configns. F20 C120 Br20 
2b 1a 1 ' 1 13 1 5.9342 3.0627 2.5111 
2b 1b2 'A2 5.1502 4.7103 4.4287 
4b2a,* - 6ai b2* 
1 132 7.9637 4.6605 3.5023 
295 
Chapter 7 Excited States of Halogen Oxides 
6a,b2* + 4b2a,* 'B2 8.9344 7.5355 6.2739 
6a, a,*4b2b2 * 'A, 9.0474 6.8791 3.9176 
la2a, 'A2 9.1402 5.4361 3.7212 
6a,a,*+4b2b2* 'A, 9.8363 8.9801 5.3871 
lonisation potentials 
2b,' 2B, 13.0285 10.9496 10.4677 
4a,' 2A, 16,2453 12.2500 11.3922 
3b2- ' 2B2 16.4186 11.9355 10.8733 
1a2 2A2 16.8989 12.4011 11.3335 
Table 7.33 Comparison of valence states and the Greens' function ionisation potentials for 
F20, C120 and Br20 obtained using the TZVP basis set. 
7.5.3 The TZVPR study of the excited states of Br20. 
The TZVPR basis set is TZVP augmented by Rydberg functions placed on the 0-
atom as previously, leading to a total of 131 basis functions, which consisted of 55a, 
15a2 20b, and 41b2 orbitals. Similarly, the core orbitals (Table 7.34) were frozen 
with 2.Oe occupancy in the CI study. 
Orbitals a, b1 b2 a2 Total 
Total 55 20 41 15 131 
Core 11 4 10 4 29 
Discarded 10 1 8 1 20 
Active 34 15 23 10 82 
Sequence 
numbers 
1 to 34 35 to 49 50 to 72 73 to 82 82 
SCF 
occupied 
1 to 4 35,36 50,51,52 73 20 
Table 7.34. Summary of the number of orbitals in each representation tor the ILVI basis set 
in Br20. 
The procedure thereafter was the same as in C120, namely a set of focussed reference 
configurations were tried for each Rydberg type of excitation. The Rydberg orbitals 
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were again classified according to the Mulliken analysis of the orbital composition. 
A preliminary (smaller) Cl study, using all excitation types together with a large 
number of roots (15 in most cases), showed that it was difficult to classify the 
transitions owing to the mixing of roots. In almost every case attempted, the final Cl 
roots were the ones sought. This was achieved by careful selection of the reference 
configuration set. Thus the initial set of reference configurations ('configuration state 
functions', CSF, in the usual terminology) was expanded in subsequent runs, 
incorporating additional reference configurations from the printed list of major 
contributors from the previous run, but only reference configurations of the 
appropriate type were included in these stages. Thus the final set of CSF list was 
highly focussed into the states required, and to some extent the diagonalisation of the 
final roots was unable to escape into lower excitation energy roots, because of this 
focussing. This is rather similar to forcing a geometry optimization into a local 
minimum rather than a lower energy state, by providing a good approach to the local 
minimum in the input geometric parameters, and constraining the search to small 
movements. 
As examples of this method, we choose the 5a 2 -> 3d, + 4d,, states ( 1A,); thus 
although the 'A 1 manifold contains a considerable number of states of lower 
excitation energy than the above roots sought, the search proceeds as follows. This 
Section needs to be read in conjunction with Table 7.34. The initial CSF are (1) and 
(2) below (Table 7.35), where orbitals 73, 74 and 75 are the ones referring to 5a2 , 
3d,, and 4d, orbitals respectively. In a series of stages, the CSF (3) to (12), and 
others of same type are incorporated, using run (n-i) to provide extra CSF for run 
(n). The extra CSF typify the main double replacements in the original reference set. 
Thus (3) and (4) show that variationally, the replacement of orbital 32,  by the LUMO 
(52)  is important, similarly the replacement of 42  by 572  (5,6), which is again a low-
lying valence type virtual orbital. Shells with four singly occupied orbitals follow the 
same scheme; in (7,8) there are excitations from 4 and 36, into 57 and 74 (or 75), 
with similar 'double replacements' in (9,10) 36 and 51, into 5 and 74. The items 
(11,12) show a further type of excitation, where orbital 512  + 73 2  510 + 731 with 
further electrons in orbitals 55, 57 and 74. The common factor here is the loss of 
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electrons from specific orbitals (here 3,4,36,52 in particular) and insertion of these 
into orbitals 5, 55 and 57, while in all cases the open shell contains the orbitals 
required for the particular states, 74 and 75. Thus the CSF are focussed on 
configurations involving 74 and 75, and excluding those relating to many other 'A1 
states. 
The estimated positions of Rydberg states for the first few calculated IFs (eV) of 
Br20, using the Rydberg Formula and the 6 values shown are in Table 7.36. 
The one place where this approach has more limited success, is in the search for 3p 
and 4p  states. In the present basis set, the z-orbitals required for the upper (Rydberg) 
states are 8 and 15, each in the a1 set. It proved impossible to obtain 'pure' 3p  and 
4Pz states, particularly the 3p  state, since mixing with the 3s state always occurred in 
the calculations seeking 3Pz  and  4Pz  states, although the ns-states could be obtained 
satisfactorily. Thus the 3p  states are lowered in energy towards the 3s state, and are 
marked in parentheses in the main Table 7.37. 
Open shells Doubly occupied orbitals in the CSF 
a1 b, b2 a2 
(1)73,74 1,2,3,4 35,36 50,51,52 none 
(2)73, 75 1,2,3,4 35,36 50, 51, 52 none 
(3)73,74 1,2,4,5 35,36 50, 51, 52 none 
(4)73, 75 1,2,4,5 35,36 50, 51, 52 none 
(5) 73,74 1, 2, 3 35, 36 50, 51, 52, 57 none 
(6)73, 75 1,2,3 35,36 50,51,52,57 none 
4, 36,57,74 1, 2, 3 35 50, 51, 52 73 
4, 36,57,75 1, 2, 3 35 50, 51, 52 73 
5, 36,51,74 1,2,3,4 35 50,52 73 
5, 36,51,75 1,2,3,4 35 50,52 73 
55, 57,73,74 1, 2, 3, 4 35,36 50, 52 none 
55, 57,73,75 1,2,3,4 35,36 50,52 none 
Table 7.35. Summary of the number of orbitals in each representation for the TZVP basis set 
in the 5a2 excitations into the Rydberg 3d,, and 4d states ( 1A1 ). 
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Orbital 6b 1 1 13b1' 5a2 ' 15a1 1 5b1' 
Ryd berg Calculated IP by the TDA method /eV 
state 10.348 11.017 11.423 11.462 14.937 
Ryd berg state /eV 
3s(0.9) 7.2618 7.9308 8.3368 8.3758 11.8508 
4s(0.9) 8.9318 9.6008 10.0068 10.0458 13.5208 
5s(0.9) 9.5384 10.2074 10.6134 10.6556 14.1274 
3p(O. 3 ) 8.4811 9.1501 9.5561 9.5951 13.0701 
4p(O.3) 9.3538 10.0228 10.4288 10.4678 13.9428 
3d(0.1) 8.7297 9.3987 9.8047 9.8437 13.3187 
4d(0.1) 9.4532 10.1222 10.5282 10.5672 14.0422 
Table 7.36. Estimated positions of Rydberg states for the first few calculated IPs (eV) of 
Br20, using the Rydberg Formula and the ö values shown. 
Energy 
/eV 
Symmetry Leading confign. 
Open shells 
106 f(r) <x2> <y2> <z2> 
0.0 1A 1 X 1 A 1 - -32.1 -27.1 -31.9 
2.5520 '131(3) 6blal* Val 20 -32.0 -31.6 -34.2 
7.2951 '13 1 (2) 6b 1 3s 45970 -62.0 48.4 -61.7 
8.8427 1 13 1 (2) 6b 14s 10054 -153.3 -141.7 -152.5 
9.5072 1 13 1 (2) 6b 1 5s 2899 -317.0 -306.0 -321.6 
9.9515 1 13 1 (1) 6b 16s 17292 -106.4 -99.4 -116.2 
(6.9902) 1B 1 (1) 6b 1 3z 15572 -48.3 43.3 -74.9 
9.2489 '13 1 (1) 6b14z 14610 -72.1 -60.9 -129.8 
4.2386 'A2(3) 6b 1b2 0.0 -31.3 -30.9 -33.0 
7.9343 'A2(3) 6b13y 0.0 -52.6 -86.0 -51.8 
8.9002 1 A2(3) 6b i 3yz 0.0 -57.6 -103.0 -120.5 
9.1420 'A2(2) 6bi4y 0.0 -65.7 -125.0 -80.1 
9.7220 1A2(3) 6bi4yz 0.0 -59.9 -108.6 -114.4 
8.1532 'A 1 (2) 6b 1 3x 2730 -91.1 -37.6 -48.1 
8.8397 1A 1 (2) 6b 1 3xz 1481 -103.2 41.8 -108.4 
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9.3185 1 A1 (2) 6b 1 4x 2064 -142.9 -54.8 -70.1 
9.6061 1A1 (2) 6b14xz 6823 -131.0 -51.1 -137.8 
8.7688 1 132(3) 6bi3xy 5974 -98.3 -86.1 -55.5 
9.6636 1 132(3) 6b 1 4xy 12303 -138.3 -126.1 -68.9 
3.5816 1132(4) 13b2a 1  Val 12943 -33.6 -30.4 -34.0 
7.9808 1 132(3) 12b2a 1 Val 488404 -33.8 -32.2 -34.4 
8.5846 1132(1) 13b23s 109048 -61.2 -45.2 -59.2 
10.0328 1132(1) 13b24s 15800 -158.8 -141.1 -153.7 
10.6440 1 132(1) 13b25s 7013 -284.4 -270.6 -287.8 
11.1356 1132(1) 13b26s 6703 -173.5 -166.4 -185.7 
9.3419 'A2(1) 13b23x 0.0 -93.1 -35.2 47.4 
9.8999 'A2(1) 13b23xx 0.0 -101.3 -38.2 -106.3 
10.5377 1A2(1) 13b24x 0.0 -144.3 -52.3 -68.1 
10.6971 1 A2(1) 13b24xz 0.0 -135.7 -49.7 -141.7 
5.0262 1A1 (5) 13b2b2 Vat 368 -32.9 -29.3 -32.8 
8.8031 1A1 (2) 13b23y 18933 -56.9 -92.8 -52.5 
9.7586 'A1 (4) 13b23yz 1813 -60.9 -106.1 -128.9 
10.1569 'A1 (4) 13b24y 22533 -65.1 -115.4 -67.7 
10.4980 'A1 (4) 13b24yz 12115 -58.1 -97.7 -115.8 
(8.4783) 'B2(1) 13b23z 3301 -49.4 40.5 -73.3 
10.1391 1132(3) 13b24z 9174 -73.6 -59.2 -130.1 
9.8335 'B 1 (3) 13b23xy 4002 -102.1 -86.1 -56.0 
10.6971 1 13 1 (2) 13b24xy 10604 -137.2 -121.0 -67.8 
4.1335 1A2(3) 5a2a1 Val 0.0 -31.4 -30.7 -35.1 
8.7440 'A2(3) 5a23s 0.0 -61.0 -47 -61.5 
10.2985 1A2(3) 5a24s 0.0 -156.5 -143.5 -155.6 
10.9097 'A2(3) 5a25s 0.0 -302.4 -291.5 -308.1 
11.6803 'A2(1) 5a26s 0.0 -197.1 -185.8 -204.5 
9.5941 1132(2) 5a23x 2997 -92.3 -37.1 48.7 
10.1758 1 B2(2) 5a23xz 695 -99.2 -39.7 -106.4 
10.8094 1132(2) 5a24x 1009 -141.2 -53.4 -69.0 
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10.9118 'B2(2) 5a24xz 589 -134.3 -51.4 -143.4 
5.1950 'B,(3) 5a2b2* Val 174 -31.0 -30.9 -34.0 
9.3495 'B,(2) 5a23y 39679 -55.6 -95.9 -54.1 
10.2365 'B,(2) 5a23yz 125 -59.0 -107.4 -129.4 
10.6532 'B,(2) 5a24y 84232 -63.2 -116.7 -66.7 
11.0493 'B1(2) 5a24yz 206 -57.2 -102.0 -121.5 
10.0992 'A,(2) 5a23xy 377 -101.2 -88.5 -57.3 
10.9629 'A,(2) 5a24xy 1171 -134.5 -121.7 -68.5 
(8.5181) 'A2(2) 5a23z 0.0 -48.1 -42.6 -76.0 
10.7370 'A2(2) 5a24z 0.0 -71.7 -60.4 -130.1 
3.9577 'A(4) 15a,a1 Val 4810 -33.5 -31.2 -33.4 
6.1482 1B2(4) 15a,b2* Val 137481 -33.0 -31.4 -32.3 
7.8028 'A,(4) 14a,a, Val 96031 -34.0 -32.2 -34.3 
9.3615 'B2(3) 14a,b2 Val 499418 -33.0 -31.3 -32.9 
8.7600 'A1 15a,3s 28632 -89.5 -79.6 -89.0 
10.3064 'A1 15a14s 6564 -126.4 -112.5 -120.7 
10.9067 'A1 15a1 5s 1050 -252.4 -242.2 -256.8 
11.5067 'A, 15a,6s 174 -194.3 -182.1 -198.0 
12.3631 'A, 15a,7s 161 -170.5 -157.1 -172.7 
9.2937 1 B2(4) 15a,3y 40513 -54.9 -88.8 -51.4 
10.1377 1 B2(4) 15a,3yz 45026 -60.6 -107.7 -124.9 
10.6501 'B2(4) 15a,4y 2122 -66.6 -122.5 -65.0 
10.9862 1 B2(4) 15a,4yz 10680 -58.6 -101.0 -118.4 
9.6951 'B 1 (2) 15a,3x 2517 -93.1 -37.6 -46.3 
10.1840 1B,(1) 15a13xz 6571 -100.7 -40.4 -104.2 
10.6897 'B I(l) 15a,4x 1281 -144.3 -54.5 -67.4 
10.9768 'B,(l) 15a14xz 12307 -136.3 -52.2 -141.0 
5.6011 'B,(2) 5b 1a, 	- 15a1 6b,a1 2 3954 -32.3 -34.7 -34.1 
6.7890 'A2(2) 5b 1b2 - 5b13y 0.0 -36.3 45.8 47.3 
11.6139 'A2(1) 5b,3y 0.0 -58.4 -105.3 -55.5 
12.0940 1A,(1) 5b 1 3x 224 -89.7 -38.9 47.2 
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12.9400 1 'B2(3) 	I 5bi 3xy 	 3832 	1 -97.3 	1 -86.7 	1 -54.4 
Table 7.37. Singlet excited states for Br20 obtained using the TZVPR basis set. 
The results shown in Table 7.36 for the predicted positions of the Rydberg states, are 
based upon possible values for the quantum defect (s), but do not give any indication 
of the intensities of any lines. The Cl calculations explicitly calculate the oscillator 
strength, and hence differentiate between the weak and strong absorption bands. In 
the present study, all possible excitations were sought for the first 4 IPs, and some 
other processes were found in the progress of the study. The results obtained (Table 
7.37) show considerable similarity to those predicted from the Rydberg Formula 
(Table 7.36), and this lends credibility for the CI study, with large elements such as 
bromine, and the positioning of the Rydberg orbitals on the oxygen atom. In Table 
7.37, the results are in groups relating to the orbital vacated in the excitation process. 
As can be seen, the results support the order of IPs of the preceding study with the 
Greens' function and TDA methods. The lowest-lying group of excited states for 
Br20, obtained using the TZVPR basis set, are all of valence type, as is clearly 
shown by the values of the second moment operators when compared with the X 1 A1 
ground state, where all are similar. The differences in excitation energy between 
states where there is a common upper state (such as al*),  shows the separation of 
6b1a1 from the group of three 13b2a1, 5a2a1*  and  lSalal*  is 1.26eV, with only 0.3 eV 
between the members of the group. There is then a further gap of nearly 1.5 eV 
before the valence states relating to the inner-valence it-orbital 5b 1 a 1 etc occur. The 
same separations occur for the next type of upper state (b2s). 
7.5.4 Prediction of the absorption spectrum of Br20 using the TZVPR 
calculated results. 
As mentioned above in Section 9.5, the current experimental data covers only three 
bands in the UV+visible regions, with energies 5.83 (strong), 3.87 (weak) and 2.74 
eV (very weak) [25]•  Thus there is no VUV data to date, or electron impact study, and 
hence no known Rydberg transitions. In the present study, the excitations arising 
from the lowest 4 IN have been sought; these have led to a considerable number of 
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excited states, and in some instances have led to excitations from the next 2 IPs. In 
this way, it seems probable that the most intense bands in the visible+UV+VUV 
spectra up to about 10eV should have been determined. As such this should be a 
guide to the assignment of the spectra in due course. The most prominent lines in the 
anticipated spectrum come from more than one type; (a) very low-lying spectral 
bands occurring in the visible spectrum and UV region, may be found by various 
forms of spectroscopy, even when relatively weak in intensity. Then there are the 
strong bands, some at low excitation energy, but many in the VLJV region (5 eV 
upwards). This part of the spectrum is expected to be congested, owing to the 
number of states calculated in the 5-10 eV region, but also the wide range of 
intensities expected. This congestion arises in part from the group of three IPs close 
together, namely 2B2, 2B2 and 2A, with calculated separation of only 0.5 eV or less; 
furthermore, these are preceeded by 2B 1 which is only about 0.7 eV lower. Thus in 
predicting the spectrum, we select the two types (a) and (b) for special discussion. 
The low-lying region (visible+UV) shows a set of valence states (Table 7.38), many 
of which are relatively weak (especially the 'A 2 bands with theoretical zero oscillator 
strength), where their position may make identification practicable. The Rydberg 
states with a high oscillator strength (f(r) > 10,000) are chosen. Both columns are 
dominated in number of states by 'B 1 , but not all the most intense states are of this 
symmetry, with very strong bands belonging to 'B2 . The very high intensity of the 
'B2 state of 13b23s type is surprising, especially when the corresponding valence 
state 13b2a 1 is so much weaker; however, the two bands are quite distinct in their 
second moments. In general, for the calculated intensities, the y-type bands (with in-
plane upper state orbitals occupied) are more intense than the x-type ones (the upper 
state have it-orbitals occupied). Similarly, the most intense bands in the Rydberg set 
are from occupied orbital 15a 1 , but there are more slightly weaker bands from 13b 2; 
these are all much more intense than any of the nn*-excitations. 













2.5520 'B, 6b,a,* 20 7.2951 'B, 6b13s 45970 
3.5813 'B2 13b2a,* 12943 8.5846 7B2 13b23s 109048 
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3.9577 'A 1 15a,a,* 4810 8.7600 'A 1 15a13s 28632 
4.1335 'A2 5a2a,* 0.0 8.8031 'A 1 13b23y 18933 
4.2386 'A2 6b,b2* 0.0 8.8427 'B 1 6b14s 10054 
5.0262 5A, 13b2b2* 365 9.2937 'B2 15a13y 40513 
5.1950 'B, 5a2b2* 174 9.2489 'B, 6b14z 14610 
5.6011 'B, 5b,a,* 3954 9.3495 'B, 5a23y 39679 
6.1482 'B2 15a,b2* 137481 9.6636 'B2 6bl4xy 12303 
7.8028 'A, 14a,a,* 96031 9.9515 'B, 6b16s 17292 
7.9808 'B2 12b2a,* 488404 10.0328 'B2 13b24s 15800 
9.3615 'B2 14a,b2* 499418 10.1377 'B2  15al3yz 45026 
10.1569 'A1 13b24y 22533 
10.4980  13b24yz 12115 
10.6532  5a24y 84232 
10.6971 'B, 13b24xy 10604 
10.9768 'B, 15al4xz 12307 
10.9862 'B2 15al4yz 10680 
Table 7.38. Selected singlet excited states for Br 20 obtained using the TZVPR basis set, 
which are expected to be prominent in the visible, UV and VUV spectra. 
304 
Chapter 7 Excited States of Halogen Oxides 
Br20 Theoretical UV+VUV Spectrum 








3.0 5.0 	7.0 	9.0 	11.0 	13.0 
Energy /eV 
Figure 7.7 The calculated UV+VUV spectrum for Br20 using the unscaled oscillator strength. 
Overall therefore, the spectrum of Br 20 (as listed in Table 7.38) seems likely to be as 
follows: a set of eight weak transitions starting near 2.5 eV and in the energy range 
up to 5.6 eV, with the second band is predicted to be much stronger than the first. A 
strong band near 6.2 eV, with an even stronger set of bands in the range 8 - 9.5 eV. 
The lowest Rydberg states have high intensity, and hence should be readily identified 
near 7.3 eV (6b13s) and 8.6 eV (13b 23s). With the exception of two 1 13 1 transitions, 
the band near 7.3 eV (6b 1 3s) and the strong transition near 10.7 eV (5a24y), all the 
lower energy bands of very high intensity are of 13 2 symmetry. 
The triplet states have been discussed above, and where these can be detected, by 
electron impact etc, several are expected to occur in the 1.8 —3.2 eV region (Section 
7.5.1). 
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The recent [251  experimental TJV+ visible data with energy 5.83eV (strong) can 
probably be assigned to the calculated strong band near 6.2 eV, and hence to the 'B2 
state, of 15a,b2 type, while the weak band at 3.87 eV, is probably the 'B2 state of 
13b2a1* type, while the very weak band at 2.74 eV is probably the 1B1 state of type 
6blal*. Further comparison with experiment awaits new experimental data over a 
wider range of excitation energy. 
Br20 Theoretical Spectrum UV+VUV 






2.0 	4.0 	6.0 	8.0 	10.0 	12.0 	14.0 
Energy /eV 
Figure 7.8 The calculated UV+VUV spectrum of Br 20 with logarithmic oscillator strength 
scale, showing the density of states more clearly. 
7.6 Conclusions 
The He(I) UV-photoelectron spectra of F 20 and C120 have been reconsidered by 
reference to Greens Function, Tamm Dancoff and multi-root, multi-reference CI 
studies (for vertical IFs) and open-shell SCF calculations (for adiabatic IFs). For 
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F20, the GF and TDA results are similar, except for the inner it-orbital (1b1), where 
the electron density is split into two main bands in the TDA calculation. These 
methods show the presence of three IP's in the range 16 - 17eV. To confirm the order 
of ionic states for F20, a set of open shell SCF optimised structures, followed by 
MP2 calculations were performed. The ionisation energies give the adiabatic IP's 
2B 1 , 2B2, 2A1  + 2A2. 
For C120, the first five IPs cover a range of about 4 eV, with the first separated at the 
lower IP end by about 1eV; this is 2B 1 , corresponding to the loss of an electron from 
orbital 2b, and an experimental IP of 10.887eV. The TDA calculations give a very 
reasonable interpretation of the UV-PES, with groups of 1 and 3 IP's of Koopmans' 
type, followed by a set of 5 low pole strength lines in the range 15-16.5eV which 
seem to match the observed pattern in that region. The same order of states was 
found for the adiabatic IPs for C1 20. The vertical IPs for both Br 20 and 120 have 
been predicted by the GF and TDA methods, but there is little experimental data for 
comparison. 
Using the QZVP+Rydberg basis, the X'A, ground state occupied orbital sequence 
for F20 is ... (5ai)2 (6ai)2 (4b2)2 (1a2)2 (2b 1 )2; the 2b, orbital is doubly occupied, in 
contrast to ozone, where it is formally unoccupied at the SCF level. The lowest 
singlet and triplet states are 1 '3B, with occupancies ... (5a,) 2 (6a,)2 (4b2)2 (I  a2)2 (2b,)1 
(7a,)' with the singlet near 4 eV. The sequence of singlet states for F20 is 'B, 
(2bla,*) < 'A (2b,b 2 ) (both below 5 eV) < 1B2(4b2a1*) 'A l (6a,a,) (near 7 eV) < 
1 B 1 (lb,a, -1a2b2) (near 7.7 eV). The s,p,d-Rydberg states for F20 are predicted to 
start near 10.1592 (3s, 1B,), 10.6924 (3p,  'A,) and 11.6489 (3d2 2)• 
The intensities from the 4 irreducible representations vary markedly, with the general 
order, 'B2 > 'A,>> 1B1 with 'A2 zero by symmetry. By far the most intense states 
based on the oscillator strength [f(r)], are the co states. Three valence states of 'B2 
symmetry, stand out in terms of high intensity; namely a 6a,b2*  state at 9.0220 eV, 
and a pair of 4b2a,*  states at 13.53 12 and 13.9350 eV respectively. Both the 5a, and 
3b2 excitations into a,*  and b2 (near 11.5 eV) valence states were also found to be of 
307 
Chapter 7 Excited States of Halogen Oxides 
The triplet states for C1 20 determined with the TZVP basis set show a group of four, 
one from each representation below 4eV, with a a single one near 5eV, and a further 
group of four near 6-6.5eV. The first group are (eV): 2.3051 (3B 1 , 2b ia i).  3.7705 
(3A2, la2ai* - 3blb2), 3.9631 (3B2, 7b2a ) and 3.9997 (3A1, 9ail0ai* + 7b28b2 *) , 
followed by 5.1774 (3A2, la2ai* + 3blb2). 
The singlet-triplet splitting is in the range 0.5-1.5eV for these states, which is in the 
usual range, with the triplet at lower excitation energy. However, in several cases 
there is more than one leading configuration, so that this has an effect upon the 
excitation energy difference between the singlet and triplet. 
The gas phase visible and UV spectral regions, as well as the infrared spectra of both 
the condensed solid and matrix isolated solid for the IR region for Br20 have been 
described. The UV+visible spectrum shows a band maximum at 47000 cm' (5.83 
eV), with an ill-defined shoulder on the long wavelength side near 31,200 cm' (3.87 
eV), and a rather more defined shoulder at 22,100 cm -1 (2,74 eV)1251. The lowest 
singlet state calculated with the TZVP basis set is at 2.5111 eV, and like the other 
X20 molecules is of 1 B 1 symmetry and 6blal*  in type; this is followed by a group of 
four singlet states lying in the range 3.5023 to 4.4287 eV all with low or zero 
intensity. 
The most obvious feature of the valence states calculated for Br 20 is the high 
intensity of the bands at 6.2739 eV ( 1B2, and 15a1b2 - 13b2ai) and 8.1326 + 
9.2042eV both of 1B2 symmetry, and linear combinations of the same dominant 
excitations (12b2ai ± 14aib2). The Rydberg states again start with excitation from 
the orbital 2b 1 , and typical calculated values (eV) are 7.295 1 ( 1 B 1 , 6b 1 3s) and 7.9343 
(A2, 6bi3y); it was difficult to obtain a complete coverage of the expected Rydberg 
states for this molecule. The differences in excitation energy between singlet states 
where there is a common upper state (such as a i m ), shows the separation of 6blal* 
from the group of three 13b2a1, 5a2a1*  and 15a1a1 is 1.26eV, with only 0.3 eV 
between the members of the group. There is then a further gap of nearly 1.5 eV The 
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region) contain (eV): 5.0000 ( 1 A2, 2b,b2 - la27al*), 5.9749 ('A,, 4b25b2*),  6.2107 
('B,, lbJ7a,*)  and 7.1336 ('B2, 6a1b2 - 4b28a,*) as well as some doubly excited 
states. These are progressively becoming more intense, and further bands occur just 
above this region; the most intense part of the spectrum lies in the calculated 9-10eV 
region, with the states 9.0870 ('A,, 2b,b,), 9.3641 ( 1B2, 4b28a,* + 6a 1 b2 ), 9.7227 
( 1B2, 3b2a,* - 2b, a2*) and 9.9618 ('B2, 2b, a2* + 3b27a,*). 
There is a good linear correlation between the QZVP and TZVP results of the form 
TZVP = 1.1078 QZVP —0.0890 (eV). Thus the correlation line passes through the 
origin, within the standard error. The TZVP basis set results are thus about 11% 
larger than the QZVP, and this can be allowed for in correlation with experiment. 
The onset of the s,p,d-Rydberg states is calculated to occur (eV) at 7.6881 ('B,, 
2b,3s), 8.4896 ('A,, 2b,3p) and 9.2713 ('A,, 2b,3d,), all of these being excitations 
from orbital 2b,. The 4b2 excitations follow, with typical members (eV) being: 
9.1646 ('B2, 4b23s), 9.9666 ('A,, 023p and 10.7987 ('A,, 023d), and these are 
closely followed by the 6a, excitations (eV): 
9.5049 ('A,, 6a,3s), 9.8122 ('A,, 6a,3z) and 10.6542 ('A 1 , 6a,3d 2 _ 2). 
The present results demonstrate that the excited states come in an order that matches 
the one predicted by the Rydberg formula, but of course the calculated values have 
intensities and molecular properties as well as energy. Comparison of the first five 
IPs with the corresponding singlet valence state excitation energies to common upper 
states was shown in Table 7.23, which shows the cases with an upper state largely 
consisting of the LUMO a, and b2 orbitals. 
The position of some of the singlet states are distorted by linear combination with 
other configurations; thus the singlet 1A2 is distorted by linear combination with an 
unrelated transition (2b,b2*)  of same symmetry, where the lower member is shifted to 
lower excitation energy. However, the difference in the IFs and the excitation 
energies are similar. For example, the difference in EP for 2b,' and lb,' is 4.18eV, 
while the difference in excitation energies to a common upper state (a,) is 4.55 eV, 
while that to the upper state b2e  4.48 eV. These figures are expected to be close, and 
the agreement is satisfactory. 
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very high intensity. Thus the region where most intensity is expected to occur for 
F20 in the VUV spectrum lies between 11 and 14 eV. 
For F20 the present results are considerably different from the smaller DZ+Rydberg 
study of Valenta, Vasudevan and Grein J51 where there seems a preponderance of pz -
type Rydberg states at low excitation energy, and several Rydberg states are missing. 
Valence-Rydberg mixing is apparent in this previous singlet state study, and also in 
the low-lying triplet states 5 , whereas none of the present triplets has Rydberg 
character. In that early study, the lowest s,p-type exponent of 0.05 is close to large 
basis set valence functions, and also the bond-functions may well lead to an 
imbalance of the 3-fold symmetry around the 0-atom, with the effect that the two 
bonds have a lowered energy, while the lone pair orbital is raised in energy and 
mixes with the Rydberg Pz  orbital. 
The present sequence of valence type triplet states for F20 is: 3.6757 (3B,, 2b,a,), 
4.2869 (3A2, 2b,b2 ), 7.2399 (3B2, 4b2a, - 6a,b2 ) and 7.2922 eV (3A,, 6a,a,). 
Experimental for C120 the range of energy into the VUV has recently been extended 
up to 9.7 eV [24]•  The UV and visible spectra of C120 16 ' 17 shows three broad bands in 
the region 620-500, 500-380 and 380-220nm, (2 - 6eV). 
Using the TZVP basis set, a number of doubly excited states are found at low energy; 
these largely disappear when the QZVP basis set is used, implying that TZVP is 
inadequate, by lacking sufficient low-lying virtual MOs. The values for the second 
moments of the charge distribution <x 2> etc, were very similar to those for the C120 
X'A, ground state, and this confirms that the added functions in the QZVP basis set 
are not Rydberg in character. 
The lowest singlet states (eV) of valence type calculated for C1 20 are: 2.9887 ('B,, 
2b,7a,), 4.2649 ( 1 A2, 1a27a,+ 2b,b2 ), 4.3854 ( 1 B2 , 4b27a1*)  and 4.6831 ('A,, 
6a17a,*) ;  these must be responsible for much of the observed visible and UV spectra, 
and all of these calculated bands are of low intensity. The next group (5-7.5 eV 
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He(I) UV-photoelectron spectra of F 20 and C120 have been reconsidered by 
reference to Greens Function, Tamm Dancoff and multi-root, multi-reference CI 
studies (for vertical IPs) and open-shell SCF calculations (for adiabatic IN). For 
F20, the GF and TDA results are similar, except for the inner it-orbital (1b 1 ), where 
the electron density is split into two main bands in the TDA calculation. These 
methods show the presence of three EP's in the range 16 - 17eV. To confirm the order 
of ionic states for F 20, a set of open shell SCF optimised structures, followed by 
MP2 calculations were performed. The ionisation energies give the adiabatic IP's 
2B,, 2B2, 2A, + 2A2. 
For C120, the first five IN cover a range of about 4 eV, with the first separated at the 
lower IF end by about 1eV; this is 2B,, corresponding to the loss of an electron from 
orbital 2b, and an experimental IP of 10.887eV. The TDA calculations give a very 
reasonable interpretation of the UV-PES, with groups of 1 and 3 IP's of Koopmans' 
type, followed by a set of 5 low pole strength lines in the range 15-16.5eV which 
seem to match the observed pattern in that region. The same order of states was 
found for the adiabatic Ps for C1 20. The vertical IN for both Br20 and 120 have 
been predicted by the GF and TDA methods, but there is little experimental data for 
comparison. 
Using the QZVP+Rydberg basis, the X'A, ground state occupied orbital sequence 
for F20 is ... (5a1) 2 (6a,)2 (4b2)2 (la2)2 (2b,)2; the 2b 1 orbital is doubly occupied, in 
contrast to ozone, where it is formally unoccupied at the SCF level. The lowest 
singlet and triplet states are "3B1 with occupancies ... (5ai) (6a,) 2 (4b2)2 (la2)2 (2b,)' 
(7a,) 1 with the singlet near 4 eV. The sequence of singlet states for F20 is 1B 1 
(2b,al*) <'A2 (2b,b2*) (both below 5 eV) < 'B2(4b2a,) 'A, (6a,a,) (near 7 eV) < 
'B 1 (lb,a, -1a2b2 ) (near 7.7 eV). The s,p,d-Rydberg states for F 20 are predicted to 
start near 10.1592 (3s, 'B,), 10.6924 (3p,,  'A,) and 11.6489 (3d 2 _ 2). 
The intensities from the 4 irreducible representations vary markedly, with the general 
order, 'B2> 'A 1 >> 1 B1 with 'A2 zero by symmetry. Based on the oscillator strength 
[f(r)] the most intense states are the cc states. Three valence states of 'B2 symmetry, 
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stand out in terms of high intensity; namely a 6a 1b2 state at 9.0220 eV, and a pair of 
4b2a1 states at 13.5312 and 13.9350 eV respectively. Both the 5a1 and 3b2 
excitations into a1 and b2 (near 11.5 eV) valence states were also found to be of 
very high intensity. Thus the region where most intensity is expected to occur for 
F20 in the VUV spectrum lies between 11 and 14 eV. 
For F20 the present results are considerably different from the smaller DZ+Rydberg 
study of Valenta, Vasudevan and Grein 51 where there seems a preponderance of pz -
type Rydberg states at low excitation energy, and several Rydberg states are missing. 
Valence-Rydberg mixing is apparent in this previous singlet state study, and also in 
the low-lying triplet states 5 , whereas none of the present triplets has Rydberg 
character. In that early study, the lowest s,p-type exponent of 0.05 is close to large 
basis set valence functions, and also the bond-functions may well lead to an 
imbalance of the 3-fold symmetry around the 0-atom, with the effect that the two 
bonds have a lowered energy, while the lone pair orbital is raised in energy and 
mixes with the Rydberg Pz  orbital. 
The present sequence of valence type triplet states for F20 is: 3.6757 (3B 1 , 2b ia1 ), 
4.2869 (3A2, 2b1b2), 7.2399 (3B2 , 4b2a1 - 6a1b2*) and 7.2922 eV (3A1, 6aiai). 
The experimental data for C1 20 has recently been extended up to 9.7 eV [241,  into the 
VUV region. The UV and visible spectra of C1201 
 16,171 shows three broad bands in 
the region 620-500, 5 00-3 80 and 380-220nm, (2 - 6eV). 
Using the TZVP basis set, a number of doubly excited states are found at low energy; 
these largely disappear when the QZVP basis set is used, implying that TZVP is 
inadequate, by lacking sufficient low-lying virtual MOs. The values for the second 
moments of the charge distribution <x 2> etc, were very similar to those for the C120 
X'A 1 ground state, and this confirms that the added functions in the QZVP basis set 
are not Rydberg in character. 
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The lowest singlet states (eV) of valence type calculated for C1 20 are: 2.9887 ('B,, 
2bl7a,*), 4.2649 ('A2, l a27al *+ 2b,b2*), 4.3854 ( 1 B2, 4b27a,*)  and 4.6831 ('A,, 
6a1 7a 1 *);  these must be responsible for much of the observed visible and LTV spectra, 
and all of these calculated bands are of low intensity. The next group (5-7.5 eV 
region) contain (eV): 5.0000 ( 1 A2, 2b,b2 - 1a27a,*), 5.9749 ('A,, 4b25b2*),  6.2107 
('B,, lb,7a1*)  and 7.1336 (1B2, 6a,b2* - 4b 28a1 *) as well as some doubly excited 
states. These are progressively becoming more intense, and further bands occur just 
above this region; the most intense part of the spectrum lies in the calculated 9-10eV 
region, with the states 9.0870 ('A 1 , 2b,b,), 9.3641 ('B 2, 4b28a,* + 6a,b2), 9.7227 
('B2, 3b2ai * - 2b,a2*) and 9.9618 ( 1 B2, 2b,a2* + 3b27a,*). 
The onset of the s,p,d-Rydberg states is calculated to occur (eV) at 7.6881 ('B,, 
2b,3s), 8.4896 ('A,, 2b,3p,) and 9.2713 ('A,, 2b 1 3d,), all of these being excitations 
from orbital 2b1. The 02 excitations follow, with typical members (eV) being: 
9.1646 ('B2, 023s), 9.9666 ('A,, 023p and 10.7987 ('A,, 023d), and these are 
closely followed by the 6a, excitations (eV): 
9.5049 ('A,, 6a,3s), 9.8122 ('A,, 6a,3z) and 10.6542 ('A,, 6a,3d 2 _ 2). 
The present results demonstrate that the excited states come in an order that matches 
the one predicted by the Rydberg formula, but of course the calculated values have 
intensities and molecular properties as well as energy. 
The triplet states for C120 determined with the TZVP basis set show a group of four, 
one from each representation below 4eV, with a a single one near 5eV, and a further 
group of four near 6-6.5eV. The first group are (eV): 2.3051 (3B,, 2b,a '), 3.7705 
(3A2, la2a,* - 3b,b2*), 3.9631 (3B2, 7b2a ,) and 3.9997 (3A,, 9a,l0a,* + 7b2 8b2 *) , 
followed by 5.1774 (3A2, l a2a,* + 3b,b2). 
The singlet-triplet splitting is in the range 0.5-1.5eV for these states, which is in the 
usual range, with the triplet at lower excitation energy. However, in several cases 
there is more than one leading configuration, so that this has an effect upon the 
excitation energy difference between the singlet and triplet. 
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The gas phase visible and UV spectral regions, as well as the infrared spectra of both 
the condensed solid and matrix isolated solid for the JR region for Br20 have been 
described. The UV+visible spectrum shows a band maximum at 47000 cm" (5.83 
eV), with an ill-defined shoulder on the long wavelength side near 31,200 cm" (3.87 
eV), and a rather more defined shoulder at 22,100 cm" (2,74 eV) 25 . The lowest 
singlet state calculated with the TZVP basis set is at 2.5111eV, and like the other 
X20 molecules is of 'B 1 symmetry and 6b,al*  in type; this is followed by a group of 
four singlet states lying in the range 3.5023 to 4.4287 eV all with low or zero 
intensity. 
The most obvious feature of the valence states calculated for Br 20 is the high 
intensity of the bands at 6.2739 eV ( 1B2, and 15a,b2' - 13b2a,*) and 8.1326 + 
9.2042eV both of 'B2 symmetry, and linear combinations of the same dominant 
excitations (12b2a, ± 14a,b 2 ). The Rydberg states again start with excitation from 
the orbital 2b,, and typical calculated values (eV) are 7.2951 ('B,, 6b,3s) and 7.9343 
( 1A2, 6b,3y); it was difficult to obtain a complete coverage of the expected Rydberg 
states for this molecule. The differences in excitation energy between singlet states 
where there is a common upper state (such as a,), shows the separation of 6b,a, 
from the group of three 13b 2a,, 5a2a, and 15a,a,*  is 1.26eV, with only 0.3 eV 
between the members of the group. There is then a further gap of nearly 1.5 eV 
before the valence states relating to the inner-valence t-orbital 5b,a, etc occur. The 
same separations occur for the next type of upper state (b2). 
The lowest valence triplets obtained for Br 20 show no less than 9 states lower than 
6eV in excitation energy. Most of these have similarities to those for F20 and C1 20. 
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